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Abstract
Adhesive bonding for structural applications has many advantages such as reducing
the weight of vehicles and providing efficient stress transfer across joined materials.
The largest asset of adhesive bonding is that they can join dissimilar materials. To
achieve the highest joint strength possible when using metals, however, the metal
surfaces have to be pre-treated. This can be done in a variety of ways, such as grit
blasting or chemical etching. Chemically etching the surface produces the highest
strength joints, but has many drawbacks. The first of which is that each metal used
requires a different treatment chemistry. This reduces the materials available for
selection as a result of increased pre-treatment complexity.
The current work focusses on stainless steel and titanium alloy. The lap shear bond
strength for both metals increased significantly after a cold atmospheric plasma
(CAP) treatment and was in line with the chemical etching processes. The durability
of both metals demonstrated that the plasma treatment increases the performance.
For stainless steel the durability is similar to the chemical etch process. For titanium
the durability performance is increased, but does not reach the level of the chemical
treatment process.
A combination of surface science techniques has revealed that there are three mecha-
nisms which lead to an increased bond strength. These are: a reduction in hydrocar-
bon contamination, shown using X-ray photoelectron spectroscopy (XPS) and time
of flight - secondary ion mass spectrometry (ToF-SIMS). The growth of the surface
oxide layer, analysed using an XPS sputter depth profile, and functionalisation of
the oxide layer, which has been probed using ToF-SIMS, both lead to an increase in
lap shear bond strength.
The feasibility of the process rests on two factors. The first is achieving equivalent
mechanical properties, the second factor is the energy, resources and time required
for a given treatment. The first has been satisfied in this work, the second has
been investigated using a life cycle analysis approach which found that plasma
treatment had a higher impact on the environment when compared to oxalic acid
etching. but this assumed that the acid is 100% efficient, which is far from the case.
When simulated in a ‘real world’ scenario, there is nearly parity between the two
treatments
Based on the data presented in this work, including analysis of the process life cycle,
CAP has the potential as a first multi material pre-treatment for structural adhesive
bonding.
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Chapter 1
Introduction
1.1 Background
There are many challenges facing industry in the present day. Currently, one of
the most publicised is how to reduce the environmental impact of a product, be it
an aircraft, car, satellite or ship. There are several ways of doing this; using new
production processes or materials; redesigning parts; or by reducing the mass of the
structure. Some of these methods are interlinked and some have more impact than
others. For example a reduction in energy for a manufacturing line may be dwarfed
by the energy reduction generated by reducing the mass of a vehicle when considered
over the lifetime of the vehicle.
This impact of lightweighting has been a design consideration in some industries for
many years. For the automotive industry it is predicted that a 10% reduction in
vehicle mass can lead to a 7% reduction in fuel burn (Bandivadekar et al., 2008).
For aerospace, weight is already a critical factor for design, to allow for increased
payload or a reduced fuel burn for a given payload. This reduces the impact on the
environment and also the operating cost to the company. These driving forces have
lead to the invention of honeycomb structures and are also leading to a large increase
in the use of reinforced polymer composites.
At present, the concept of lightweighting is more important than ever. Through the
introduction of emissions targets and environmental impact standards there exist
large driving forces in several sectors for increasing efficiency. For the automotive
sector this has been studied by several groups (Singh, 2012). Of the options available,
it is usually the materials selection that can reduce the mass of a given structure.
For example changing a car roof from steel to aluminium can reduce the mass of the
vehicle by 7kg (European Aluminium Association, 2013). This leads to a significant
reduction in the environmental impact of the car over its lifetime.
This change appears to be straight forward as the two materials are already widely
used in engineering and are both well understood. There is one difficulty in such a
change of material however: how will it be joined to the existing structure?
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1.2 Joining materials
1.2.1 General
There are several factors to consider when joining two different materials. Firstly,
there is an interface between the two parts, this is a discontinuity between one
material and the other which can lead to problems such as increased corrosion if the
materials react galvanically or there are any voids which can be filled with debris
from the atmosphere or water.
Second, each of the materials will have different properties. This may seem like an
obvious point but these differences have to be accommodated by the joining method
such as the thermal expansion coefficient. If there is a large mismatch in this there
is going to be an increase of stress along the length of the joint which may lead to
premature failure. This can also lead to problems with the aesthetics of the part as
there will need to be a gap for the expansion to fill.
This demonstrates that the joining of materials is of critical importance in engineering
and is only becoming a more important consideration for any design team seeking
to minimise structural mass. To join dissimilar materials together there are several
methods available which will be discussed in the following sections. These are
mechanical fastening, welding, and adhesive bonding. Each has advantages and
disadvantages which will be discussed in more detail.
1.2.2 Mechanical fastening
Mechanical fastening is used in a vast number of industries due to its simplicity and
reliability. It consists of a physical element such as a bolt, rivet or screw to join two
parts. Mechanical fastening is easily scalable and can be found in components which
vary in size, from watches to cargo ships. The joint formed by mechanical fastening
is reversible, which makes inspection and repairs to the structure far easier compared
to other methods of joining.
There are some disadvantages to mechanical fastening, however. The stress across
the joined materials is not uniform along the length of the joint. This is due to the
material being removed to allow the fastener through. Figure 1.1 shows a typical
stress distribution across a riveted joint.
There is an increase in stress in the region surrounding the holes. This is a result
of the material removal and will likely be the locus of a failure of the joint when
the joint is under load. To counter this effect the substrates could be made thicker,
which acts to increase the loaded cross section and reduce the maximum stress. This
increase in gauge thickness will add to the mass of the structure, which reduces the
advantages of using dissimilar materials.
Further to these issues some materials, such as composites, are not suited to being
mechanically fastened. This is because they do not tolerate discontinuities in the fibre
2
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Figure 1.1: Schematic showing the stress profile across a riveted joint
reinforcements well which are required for the holes. There are different methods
of creating holes in composites being developed, which avoid this problem, such as
thermal piercing (Brown et al., 2015) which aim to reduce the fibre damage of the
process with some success. This does however lead to there being a point load on
the structure which will still have stress maxima surrounding it and therefore have
similar problems to the metal substrate discussed earlier.
1.2.3 Welding
Welding is the process of locally melting two materials and then reforming them in a
single piece. This can be done in several ways, such as exposing the material to a
heat source, melting a filler material into the joint, or by pressing the parts together
and using friction, either by spinning or vibrating the parts, to melt the substrate
material.
The overall outcome is that there is a join line which is made up of a combination of
the two substrate materials, and possibly a filler material if used. This can produce
very effective joints which exhibit strength equal to that of the parent material.
Welding is widely used in ship, car and aircraft manufacture. Unlike mechanical
fastening there is generally less weight penalty incurred when using this method and
the stress across the joint can be expected to be much more uniform.
A drawback for welding is that most metals used in industrial applications are
highly alloyed and also heat treated. Welding can affect the microstructure of the
welded region, leading to a reduction in mechanical properties along the weld line
(Muthupandi et al., 2003). There can also be residual stress left in the weld due to
the expansion and contraction of the materials.
There are challenges with welding thin sections as they can buckle and warp under
the high temperatures. This has an effect on the aesthetics of the joint and can also
causes issues with airflow over the part as a result of reduced surface smoothness
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which can increase drag. This can have a detrimental impact on the efficiency of a
vehicle
Welding is also generally performed on like materials. This is because if there is a
large dissimilarity in the melting temperatures there will be issues with the joint.
There are some exotic methods for welding differing materials but generally it is
avoided and only performed on different alloys of the same material.
1.2.4 Adhesive bonding
Considering the difficulties with other methods of joining outlined previously, adhesive
bonding can both join dissimilar materials and avoid the need for mechanical fastening
and the associated damage from drilling or piercing. This allows for appropriate
selection of materials for each part of a structure. This can lead to weight savings
and improved performance in certain parts of a vehicle. Also, unlike a mechanical
joint there is an even stress transfer across the joint which means that either a lower
strength material can be used or that a reduced thickness sheet can be selected for
the same part which overall reduces the cost and weight of the structure.
Despite these advantages, adhesive bonding is not used as widely as it might be. This
is a result of some disadvantages which detract from the overall adhesive bonding
system such as;
 testing the reliability of the bond,
 poor elevated temperature performance,
 the permanent nature of a bonded joint,
 skills required for manufacturing a consistent bond,
 the need for pre-treating the substrates prior to bonding.
The testing of bonded joints is difficult as there is no way to estimate the true
strength other than to test the joint to failure. For this reason an adhesive joint is
usually tested to failure many times in the design phase to ensure that statistically
any joint made in production will be to a certain standard. Several other of the
points made above help to ensure that the joint is as as consistent as possible such
as pre-treatment and the skill of the person manufacturing the joint.
The elevated temperature performance of a bonded joint is limited by glass transition
temperature (Tg) of the adhesive. This is an inherent property of the adhesive and a
joint exposed to temperatures above the Tg will fail at a significantly reduced load.
There can also be issues with the joint if the exposure to the elevated temperature is
only for a short time.
The permanence of the bond is of the process and unfortunately it is not currently
possible to achieve a structural bond that is not permanent. This has implications
for the application of adhesive in a structure and how other joining methods can be
advantageous, for an access hatch or panel an adhesive would be inappropriate as
4
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removing the panel would require the failure of the adhesive and likely distort the
hatch itself, when compared to a mechanically fastened option the latter has the
obvious advantage. As the focus of this thesis is for structural bonding this will not
be considered.
The pre-treatment is one of the key points in ensuring that a good adhesive joint
is made, and so could be considered the most critical drawback of the above list.
This is because if the pre-treatment is followed correctly and precisely then the
likelihood of a well performing and reliable joint is much increased. This is currently
the only form of assurance available for joint strength beyond testing to destruction
as predicting joint strength with non-destructive testing methods is currently not
possible. To discuss the pre-treatment stage further the fundamental requirements
for a bonded joint are required which are discussed in the next section.
1.3 Adhesively bonded joints
A large amount of research has been conducted on the use of adhesives and what is
required to achieve a reliably strong bond between two substrates. The consensus
in the adhesive industry and community is that a clean and chemically compatible
substrate is required to achieve the maximum joint strength. This is further enhanced
by ensuring that the adhesive wets the surface well as this ensures intimate contact
between the parts.
This means that the surfaces have to be clean and free from any macro and micro
contamination that may be present which could be oil films, finger prints or processing
agents such as lubricants. This is because the film of contamination can act as a
weak boundary layer. The adhesive may bond to the contamination very well, but
as the contamination layer is not well adhered to the surface there will be a weak
interface and the joint will fail at a lower load than expected. There are several
methods of cleaning parts prior to adhesive bonding such as alkaline degreasing or
solvent baths.
Chemical compatibility is an important factor when using adhesives. This is to
give the adhesive the highest chance of creating a strong bond between it and the
substrate. Given the number of substrates available, the wide number of applications
and the properties desired from adhesives, there is not one single adhesive for every
application.
Another aspect of adhesive bonding is the intimate contact between adhesive and
substrate, which is demonstrated by the wetting characteristics. Poor wetting is
regularly an indication that the surface may be heavily contaminated and will usually
lead to very poor joint strength. Finally, the surface roughness of the substrates has
an impact on the resulting joint strength. A polished surface will generally exhibit
lower adhesive bond strength compared to a rough surface, this is because there is a
small increase in total surface area and the adhesive can mechanically lock into the
substrate. There is a limit to the benefits of increased surface roughness however
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with high surface roughness there is the issue of the adhesive not wetting down to
the bottom of the troughs.
The requirements for a strong reliable bond are generally ensured by a suitable
pre-treatment which can vary a great deal between substrates. This pre-treatment
phase of the adhesive bonding process is the main focal point of this research project
and is discussed in the next chapter in detail.
1.4 Aims and Objectives
The aim of this project is to determine whether cold atmospheric plasma is a viable
alternative to the wet chemical processing of metals prior to structural adhesive
bonding. A number of objectives were decided prior to commencing the project, these
were formed to ensure that a comparison can be made and provides a measurable
outcome.
1. should be a dry process at all stages of the treatment life cycle.
2. should take a similar amount of time compared to wet chemical treatments or
less time to change or deploy.
3. should not incur the same health and safety demands that wet chemicals and
acids require.
4. should produce a joint that has a similar initial strength to one that has been
chemically treated.
5. should produce a joint that exhibits a similar durability to one that has been
chemically treated.
6. should have the ability to treat a range of materials effectively.
The process selected for this project is cold atmospheric pressure plasma treatment.
This is a relatively new process in its current state. Other versions, such as dielectric
barrier discharge, corona discharge and low pressure plasmas have been used to treat
polymers for many years but little has been done to investigate the treatment of
metals with cold atmospheric plasma.
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Pre-Treatment of metals for
adhesive bonding
2.1 Introduction
As adhesive bonding is so widely used it has been the focus of a large amount of
research. This haseci resulted in many processes and a great level of understandings
about the intricacies of adhesive bonding. This chapter will look at the pre-treatment
phase of the bonding process. This is arguably the most important as the reliability
of the joint is directly dependant on this stage being conducted with rigour. As the
assumed maximum bond strength is based on the quality assurance of the process
itself it is critical that this is done according to the instructions. There are several
pre-treatments already which will be discussed in the following pages.
2.2 Current processes
Of the disadvantages mentioned in §1.2.4, the pre-treatment is an area which is
critical to producing reliable joints. This is an area that is of interest for either
changing the process or replacing it altogether with another.
While the advantages of performing a pre-treatment prior to bonding are obvious,
such as increased joint strength and reliability, the disadvantages are also numerous,
including;
 a long involved process with many steps each of which has to be controlled,
 the chemicals used in such processes can be harmful to human health and
therefore have a myriad of health and safety requirements around their use
and are also being more heavily regulated (European Commission, 2013),
 produce dust and other debris which can impede the adhesion process and also
have health implications, and
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 the chemicals require appropriate disposal which can be an expensive and
energy intensive process.
The pre-treatment process for stainless steel used in this project is detailed below,
it has been taken directly from British Standard 13887:2003 (British Standards
Institute, 2003b):
1. Remove oil or grease contamination.
2. Scarify by abrading or blasting with alumina grit.
3. Wash in an alkaline detergent solution for about 10 minutes at 75 °C ± 5°C.
4. Rinse in deionised water.
5. Immerse the item in the oxalic acid etching solution for 5 to 10 minutes at a
temperature of 72 °C ± 2°C.
6. Rinse in cold distilled or deionised water while removing the black deposit
formed during the oxalic etching with a stiff nylon brush.
7. Dry, using a hot, clean, oil free and dry air stream, oven or infrared lamp for
about 10 minutes at a temperature not exceeding 95°C.
8. Bond as soon as possible after drying and preferably within 4 hours. Alterna-
tively, coat the surface with an adhesive compatible primer.
This entire process, a total of eight steps, requires a skilled technician to make the
appropriate solutions, warm them up and then treat an area. If the parts being
treated are large, a bath of the chemicals is required. such a bath will take a long
time and a large amount of energy to heat up. Further to this, all of the chemicals
used in the etching stage must be disposed of in a proper manner which will incur
costs, both financial and environmental.
While this is a very thorough pre-treatment process for stainless steel it is a demon-
strator for what occurs in industry, as it would be the best guarantee of achieving
the maximum potential bond strength.
The pre-treatment listed above illustrates the three factors for a good bond discussed
in §1.3. Steps 1-4 ensure that the substrates are clean and free of any contamination
which may cause a weak boundary layer to form. Step 5-7 etch the surface, leaving
it with a highly functionalised surface which provide locations for the adhesive to
bond to when applied, this will also aid the wetting of the substrate by the adhesive
promoting intimate contact.
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2.3 Chemical etching
2.3.1 General
A large amount of work has been published over the last half century that has focussed
on many different substrates and chemical processes. The initial work, almost
exclusively, appears to be have been conducted using aluminium as a substrate. This
coincides with the greater uptake of aluminium in the aerospace industry where mass
is an important consideration. The chemical pre-treatment of aluminium, therefore,
is well understood, can be done reliably and the mechanism is also understood. For
this reason it will be used as a base in the literature review to set the standard of
what analysis can be done on the surface topography, chemistry and the subsequent
bond reliability.
Aluminium was of interest in the 1970s and 1980s when the first processes, such
as chromic acid anodising (CAA) were developed and analysed (Venables et al.,
1979). Moving into the 1990s work began to replace CAA to address the health and
safety concerns of the process while maintaining the bond strength and durability
(Critchlow, 1997). More recently, to find replacements for some of the chemicals
used in this phase a large number of chemical combinations and processes have been
tested (Critchlow et al., 2006).
Initial work centred on understanding the surface formed by the acid etch/anodising
process and the chemistry involved. Using stereoscopic scanning electron microscopy,
the general understanding is that the etch stage attacks the surface oxide and leaves
a uniformly thin oxide over the entire part and then the anodizing stage builds up a
highly porous layer with a columnar structure. This structure was first hypothesised
by Venables et al. (1979). A later study by Arrowsmith and Clifford (1983) confirmed
that the original hypothesis is correct. Figure 2.1 shows the schematic of the surface
and a backscattered electron image acquired using a scanning electron microscope
(SEM) of the treated surface. Many publications have since seen this structure when
using a variety of different parameters for the acid etch/anodise process which implies
the results are consistent and should produce comparable bond strengths.
The acid etch/anodise pre-treatment for aluminium provides excellent bond strength
and durability. This is treated as a gold standard for the adhesion of metals and
will therefore be discussed in a brief manner in this report to demonstrate what is
possible and what also outline examples of surface and morphological analysis that
can be done.
Figure 2.2 shows the mechanism of the oxide layer growth on the surface of aluminium.
The original surface of the metal, under the protective oxide layer, recedes with the
attack of the acid. This produces local changes in the chemistry at the surface which
forms new products, some of which are gaseous, which leads to the formation of the
structure.
This structure is advantageous for adhesive bonding as it makes a highly porous,
highly polar surface into which the adhesive can wet. This aids aspects of adhesive
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(a) (b)
Figure 2.1: The evolution of anodised aluminium research. (a) Drawing of the
porous oxide structure (Venables et al., 1979) and (b) SEM image of anodised
aluminium (Arrowsmith and Clifford, 1983)
Figure 2.2: The mechanics of the oxide growth on aluminium with time progressing
from left to right (Thrall and Shannon, 1985)
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bonding such as mechanical keying and chemical compatibility. Other metals require
different treatments, however.
Overall this treatment is very effective as a pre-treatment to painting and adhesion.
There are problems with it however, such as the health and safety precautions required
to use chromic acid. This produces hexavalent chromium which is detrimental to
human health and a known carcinogen. This leads to the process being industrially
expensive due to the controlled disposal of the chemical effluent and required safety
procedures and equipment required by law in some countries. Further to these
complications, chromic acid is listed to be banned for the treatment of metals in 2017
apart from exceptional circumstances such as military aviation (European Chemicals
Agency, 2017).
One of the main problems with the chemical pre-treatment of metals is that it is
common for each metal to require a different set of chemistry. This reduces the
primary benefit of using adhesives, the ability to join dissimilar materials, considerably
as each metal would require a completely different pre-treatment. As the focus of
this document is 316 stainless steel and titanium the pre-treatments will be reviewed
the the following sections.
2.3.2 Oxalic acid etching of stainless steel
For the stainless steel adhesive bonding trials performed in this project a baseline
of oxalic acid etching was used to compare to a chemical pre-treatment. This was
based off the BS 13887:2003 (British Standards Institute, 2003b). This process has
been described previously in §2.2. The sources themselves have very few references
for the use, composition or methodology for this chemical process. Further searching
through journals as far back as the 1950s also brings up little on the subject.
To be sure that nothing had been missed a missive was sent to the Society of Adhesion
and Adhesives (SAA) committee to enquire if they had more information on the
subject and any potential reasons for it’s use. The response was anecdotal in nature
with little identification of published work to date (SAA Committee, 2016).
2.3.3 Chemical treatment of titanium
The chemicals used in this project for the pre-treatment of titanium were again based
on the BSI 13887:2003 (British Standards Institute, 2003b). This is a similar process
to that used for the stainless steel discussed previously with the main difference being
that the chemical solution used is a sodium hydroxide/hydrogen peroxide solution
which itself is relatively benign in terms of disposal. In the infancy of the process
it was carried out at room temperature but this took up to 36 hours to achieve
optimum bonding results. To increase the rate at which parts can be treated for
industrial purposes the process temperature was increased to 65°C which reduces
the time to 10 minutes. Doing this does increase the amount of energy compared to
a dry system (Molitor et al., 2001).
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There are many varieties of etch designed to improve the bond strength of titanium.
Most appear to increase the oxide layer thickness and some also modify it somewhat,
to make it more chemically receptive to the adhesive. The morphology of the resulting
surface can be different between the different chemicals used with some leaving a
less rough surface compared others (Critchlow and Brewis, 1995). This difference
does not appear to impact on the dry strength of the joints but does produce some
differences in the durability when tested using a wedge test under hot and humid
conditions.
As there are so many varieties of chemical pre-treatment of titanium there have been
efforts to rank them in terms of bond strength, durability and some other factors.
This work carried out by Wegman and Van Twisk (2012) demonstrates that there is
a wide variety of treatments and also that they have a large range in terms of the
chemistry. Some of the treatments, such as chromic acid anodising, perform best
across all three criteria in the ranking system but may be less used in industry as a
result of the restrictions and impending ban on the chemicals. The results of the
ranking can be seen in Table 2.1. Many of the pre-treatments used in this, and other,
published work, are proprietary solutions and therefore are called their trade name
i.e. Turco 5578.
Table 2.1: Comparison of titanium chemical etching methods (Wegman and Van
Twisk, 2012)
Rank Wedge Test, 1344 hr Stress Durability Surface Characterisation
1 CA CA CA
AP
2
LP
AP
LP
3 AP LP
DA
TU
DP
4 TU DA
5 DP TU
6 DA DP
7 PF PF PF
PFS
MPFS
8 PFS PFS
9 MPFS MPFS
The code for the above table is: CA - Chromic acid anodised, LP - Liquid hone/Pasa-
Jell, TU - Turco 5578, DP - dry hone/Pasa Jell, DA - Dapcotreat, PF - phosphate
fluoride, PFS - phosphate fluoride stabilised and MPFS - nitric phosphate fluoride
stabilised.
2.3.4 Summary
Overall the literature review demonstrated that there are very effective chemical
pre-treatments that produce reliable and strong bonds. The downside that they
have is that most of them depend on wet chemistry which usually relies on elevated
temperature to increase the rate of reaction to something that industry can use
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effectively on a production line. These factors have a cost attached to them in terms
of environmental impact and financial. The aim of this project is to investigate the
replacement of these processes with a singular process. For this cold atmospheric
plasma has been selected which is an energetic treatment method which will be
described in more detail in the next section.
2.4 What is a plasma?
2.4.1 Introduction
Plasma is generally called the 4th state of matter because when first discovered by
Lewi Tonks and Irving Langmuir in 1929 they observed the electrical breakdown of
air between two plates at high potential (Mott-Smith, 1971). As energy was being
put into the air the consideration was that it was being promoted to a state beyond
gaseous. This is demonstrated in Figure 2.3.
+
+
+
+
+
-
-
-
-
-
Figure 2.3: Transitions from solid to plasma states
Since this initial observation there has been a large amount of interest on the subject
of plasma physics and as a result a plasma can be defined as a fully or partially
ionised gas consisting of electrons, positive and negative ions, atoms, molecules,
radicals and photons while possessing no electric charge overall.
There are two main processes occurring in a plasma: the initial ionisation and then
subsequent ionisation of further particles through electron and ion interactions. The
rate of these interactions dictate the temperature distribution, and determine which
plasma regime is dominant. These regimes will be described in the next section.
A plasma has the same basic properties of a gas in that it will fill the available
space. Additionally, it can be influenced by an electric field which is either external
or generated by the plasma itself (as the electrically charged particles move through
space). Another property of being generated from a gas phase is that each plasma
has a characteristic colour based on the feed gas, this is the subject of analysis in
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its own right and is covered in Chapter 5. Figures 2.4(a) and (b) demonstrate the
different colour afterglows possible with the plasma torch used in this project.
(a) (b)
Figure 2.4: Examples of atmospheric plasma, (a) Argon and (b) Helium/Nitrogen
2.4.2 Types of plasma
The subjects of plasma can be split into two main categories, thermal plasma
(TP) and non-thermal plasma (NTP), which are also known as thermodynamic
equilibrium and non-thermodynamic equilibrium plasmas referring to the energy
difference between the individual particles and the bulk gas.
For TP the the electron temperature is of the order of 104 K and above, and this
is transferred to the ions and neutral constituents through collisions which occur
at a very high rate. The rate of collisions is dependant on the pressure of the gas
which for TP is in the region of 103 Pa or atmospheric pressure. These require a
large amount of energy to sustain, in the region of 10s of kW, but possess extremely
high energy density of the working fluid. As a result of being at higher pressure the
rate of inter particle collision is high which acts to distribute the energy between the
electrons and ions in the plasma. For TP the ionisation degree which is the ratio
of ionised particles to the total particles in the plasma is close to 100% (Rauscher
et al., 2010).
Examples of TP are electrical arcs and plasma generated by thermonuclear reactions.
These are highly energetic phenomena and therefore can only be used for inorganic
chemical reactions, as any organic matter introduced to such a plasma would be
reduced to its constituent parts. These plasmas have been used for metal and ceramic
processing, welding and cutting.
Non-thermal plasma is a relatively low energy process compared to TP. Generally
operating at low pressure where the collision rate is much lower and therefore the
electrons possess much higher energy compared to the bulk gas. As a consequence of
the reduced collision rate the degree of ionisation is also much reduced and can be
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as low as 10−4%. The electron energy is still relatively high however, of the order
of 104 K, but the ion and neutral temperature is much less, approaching ambient
temperature.
Examples of NTP can be seen in fluorescent lighting tubes, neon signs and also in
interstellar nebula. These are generally low temperature and at reduced pressure to
ambient (on Earth).
2.4.3 What is a cold plasma?
As stated previously, the bulk temperature of a plasma is dictated by the collisions
occurring within the plasma itself. The electrons are at a very high temperature
relative to ambient and the other particles of the plasma are at a much lower
temperature, as they are relatively massive compared to the electrons. Hence, a cold
plasma has a global temperature only moderately increased above ambient, between
40 and 60°C, but also contains some of the actives species which are able to react
with anything they encounter.
If there is a high rate of collisions the plasma will achieve thermodynamic equilibrium
and therefore the bulk temperature will be very high. To avoid this, a common way
to generate cold plasma is to apply an electrostatic field to a reduced pressure of
a gas such as argon or helium. This has another advantage that the breakdown
voltage is reduced, so the process requires less energy. The breakdown voltage is the
voltage at which a plasma is ignited and ionisation occurs, it is dependant on the
electron mean free path in a gas and the distance between the electrodes. Figure 2.5
demonstrates how the breakdown voltage can be described by Paschen’s Law, this law
also demonstrates another principle of plasma generation which is that monatomic
gases have a lower ionisation energy compared to diatomic gases.
Figure 2.5: Paschen’s law of breakdown voltage against gas pressure for different
gases (Massarczyk et al., 2017)
This is one reason that much of the work conducted on cold plasma has consisted of
noble gases being a carrier gas which is then doped with another gas such as oxygen
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or nitrogen or simple molecules such as acrylic acid, methane or ammonia (Bosso
et al., 2015, Ali et al., 2016). This will be discussed more fully in §3.2.2 as the doping
of cold plasma can affect a surface as it introduces a plethora of active species, both
beneficial and detrimental to adhesion, depending on the dopant.
2.4.4 Plasma generation
Cold plasmas can be sub-divided into two categories: low pressure plasma and
atmospheric pressure plasma. The first is self explanatory and makes use of Paschen’s
Law to reduce the breakdown voltage of a gas by reducing the pressure.
To treat material with low pressure plasma, the parts are placed in a low pressure
chamber, pumped down and then a flow of feed gas is admitted into the chamber to
stabilise the pressure at a set value. An electric field is then introduced between two
electrodes in the chamber which generates a plasma. This method is very good for
small, complex parts and has several advantages over other methods such as having
a known, and highly controllable atmosphere in the chamber and the flow rates are
generally small per unit area of treated substrate. There are several disadvantages
with this method, however, for example the size of the chamber dictates the maximum
size of the parts that can be treated. To treat large parts requires a large vacuum
chamber, which can get costly; this is also a batch process which can reduce the
efficiency of a production line.
Another method of generating a atmospheric plasma is to use a plasma jet. This
is a relatively new method whereby a gas stream is ionised by a high frequency
electrode and then the effluent, which contains some active species, is expelled into
atmosphere (Tendero et al., 2006). For this method a high frequency alternating
voltage is applied to one electrode and the other is held at ground. For a plasma jet
this can either be a copper electrode wrapped around a glass tube or it can be an
antenna in a cavity with the ground electrode being either another copper electrode
around the tube or the wall of the cavity. A schematic of each of these is shown in
Figure 2.6
(a) (b)
Figure 2.6: Methods of cold plasma jet generation. (a) Electrodes around a glass
capillary and (b) Antenna mounted inside a metal cavity
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The method of generation using a glass capillary is generally used for small scale
testing and research and can also be used for nanoscale plasma generation (Motrescu
and Nagatsu, 2016) whereas the second version described above is a more industrially
applicable method of cold plasma generation, as it is more robust, which is desirable
for industrial applications.
The magnitude of the voltage applied is dependant on the frequency applied. High
frequencies require a lower peak to peak voltage compared to low frequencies. The
most common frequencies used for this method of generation is radio, 10-100 kHz,
and microwave, 2.45 GHz.
The equipment used in this project is a dual gas microwave plasma system which
uses a driven antenna in a small cavity. This system will be described in detail in
the next chapter along with the other equipment used to analyse the plasma and
treated surface.
2.5 Adhesive bonding
2.5.1 Introduction
Adhesive bonding has been used for centuries by humans (Kozowyk et al., 2017). As
it is an enabling technology it has had far reaching applications and therefore has
been the focus of many studies to try and understand the mechanism in order to
promote better adhesion.
This section will discuss the different bonding theories and other factors that in-
fluence the bond strength. This is to assist in the selection of testing and analysis
methods.
2.5.2 Bonding theories
There are several theories that try to explain the phenomena of adhesion. It is
accepted that the theories are not entirely isolated from one another and will nearly
all have a role to play in achieve an adhesive bond.
Adsorption theory
Adsorption theory covers a range of inter-atomic and inter-molecular interactions
which occur over short distances between the adhesive and substrate. There are
two categories: primary and secondary which are populated with different bond
types. Table 2.2 gives the details of the different bonds in both groups, based on
information from Critchlow (1997).
The primary bonds refer to chemical bonds that can be formed. The strength of
these bonds are orders of magnitude higher than the secondary bonds which are
electrostatic in nature, but operate over much larger distances.
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Table 2.2: Table showing the properties of different bond types
Bond type
Bond energy
(kJ.mol-1)
Average bond length
(nm)
Primary
Ionic 600-1200 0.2 - 0.4
Covalent 60 - 800 0.07 - 0.3
Secondary
Hydrogen ∼50 0.3
Dipole interaction ∼20 0.4
London dispersion ∼40 <1
The distances referred to in this table is what is meant by intimate contact. If it is
thermodynamically favourable for the adhesive to come into contact with the metal
in these ranges then adhesion will occur. On the whole this means that the adhesive
must, at some point in the cure cycle, be liquid.
Mechanical adhesion theory
The concept of mechanical adhesion is relatively straight forward. A completely flat
surface will form an inferior adhesive bond compared to the same material that has
some surface roughness. This is because the rough surface provides some locations
for mechanical interlocking to occur so there is an added component to the joint
strength. Furthermore, roughening the surface up increases the surface area an
amount which also acts to increase the bond strength. There is, however, a limit to
this benefit. When the surface reaches a roughness that to too high the adhesive
will not wet the crevices and the parts will not achieve the intimate contact that can
maintain a uniform bond line thickness. Therefore the roughness must be controlled
to achieve the peak bond strength.
2.6 Summary
Based on the discussion in this chapter there is growing pressure to develop a new
pre-treatment which is able to treat multiple materials as this would remove the
pitfalls of the chemical pre-treatments and simultaneously increase the number of
different materials available for a structure. This will go on to enable the design
and efficient manufacture of structures such as cars and aircraft which are more
lightweight and therefore have a smaller impact over their lifetime which, in the
current climate, is becoming more vital for the protection of the globe.
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Materials and methods
3.1 Introduction
As adhesives have been used for such a long time and scrutinised the entire time there
are many methods that can be employed to probe their strengths and weaknesses.
This is also true for the surface pre-treatment, being such a critical stage in the
joining process there exist a plethora of analytical methods that can scrutinise the
effect of the pre-treatment. This work has required the use of several methods that
are well documented and the reasons for selecting these methods are described in this
chapter. During the execution of this work however there were some queries raised
that regular analytical methods could not investigate, these methods are described
in the next chapter.
Also described in this chapter is the equipment used to perform the plasma treatment.
This includes the PlasmaTact and the XYZ stage.
3.2 Plasma torch
3.2.1 Ad-Tec PlasmaTact
The plasma torch system used in this project was an AdTec-Europe PlasmaTact.
A photograph of the system is shown in Figure 3.1. The PlasmaTact includes a
microwave generator, mass flow controller and a control interface in the unit. This is
connected to the torch head via an umbilical which contains the cooling air supply
and return, the primary gas supply and a coaxial cable. The system used in this
project has been modified to include a secondary mass flow controller which will be
described in the next section.
The maximum output power of the plasma generator is 15 W which is controllable
from 0 to 100% in 5% increments. For this project the power was set to 100% for
all experiments. The internal mass flow controller (MFC) is from Kofloc and has a
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Figure 3.1: A photograph of the PlasmaTact used in this work. The XYZ stage with
the torch attached, the control box, the PlasmaTact and the monitor (and
computer) are the main components from left to right
maximum flow rate of 10 l min-1 referenced to helium, this means that the reading
displyed is correct for helium but for other inlet gases required a conversion factor to
be applied. The setting of the MFC is done by a dial on the front of the unit. This is
highly sensitive and so the meter was set to the nearest 0.1 l min-1. For this project
the primary gas was either helium or argon. The conversion factor between these is
1.001 so it can be assumed that the value displayed is the value being admitted to
the plasma torch for either gas.
The plasma torch itself comprises a titanium antenna in a cavity in the torch head,
the working gas is allowed in via the gas inlet and flows over the antenna where it is
ionised by the strong alternating electric field generated by the microwave signal at
∼100 V and 2.45 GHz. The ionised gas effluent then flows out of the nozzle into the
atmosphere and on to the substrate surface.
The torch head has a 3 stub tuner built into it to allow for the tuning of the microwave
system which is required when changing gases. This is currently a manual process
but an automated system is being developed by AdTec-Europe. The PlasmaTact
displays the power into the plasma and the power reflected back from the antenna.
This is affected by the 3 stub tuner and for all operations was minimised for each
treatment. The minimum value for the reflected power varied depending on the gas
type and dopant concentration. For argon the reflected power was generally in the
region of 20% and for helium it was ≈30-40%. This is increased to 60-90% when
dopants are used.
3.2.2 Dual gas system
The dual gas system allows for dopants to be added to the primary gas flow before
the mixture enters the plasma chamber. The intention of this is to modify the plasma
chemistry with the aim to modify the surface to promote adhesion.
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The dual gas system is made up up of a second mass flow controller, also from
Kofloc, that was purchased with the PlasmaTact. The external mass flow controller
has a maximum flow rate of 5 l min-1 and is referenced to nitrogen and therefore
requires mass flow conversions for the use of any doping gases excluding nitrogen.
The conversion factors for for the gases used in this work are:
0.99 : 1 :1.45 : 1.45
for O2 : N2 : Ar : He
i.e. when the mass flow controller reads 5 l min-1 the equivalent for each gas would
be 4.95:5:7.25:7.25 l min-1. The operation of this mass flow controller is done by
setting the desired value on the built-in controller. The gases from both mass flow
controllers are mixed sufficiently far upstream from the plasma torch inlet to ensure
that they are fully mixed prior to entering the plasma chamber
Both of the mass flow controllers allow for automatic control. This is possible by
supplying an analogue voltage to a control pin on the device between 0 and 5 volts
and the device will be set to 0 and 100% of it’s maximum value. This enables the
implementation of a control system to maintain the desired plasma gas flow. For this
project a control system was designed to control the gas flow and humidity of the
plasma for when humid flow is desired. The humidity system and its development is
discussed in §3.2.3 and the control system of the gas flow is detailed in §4.2.
The possible gases that are available for treatment are shown in Table 3.1, which
includes the maximum values for each dopant in argon and helium primary gas
flows. If the dopant is above this value the ignition of the plasma is generally not
possible or not stable and will extinguish after several seconds; this is not desirable
for treatment purposes.
Table 3.1: Plasma gas combinations possible using the modified PlasmaTact system
Primary gas
Secondary
gas
Max. dopant
in argon
Max. dopant
in helium
Helium
Oxygen
(argon only)
0.35 l min-1 N/A
Argon Air 0.35 l min-1 0.15 l min-1
Nitrogen
(helium only)
N/A 0.07 l min-1
Water vapour 40 %RH 30 % RH
The gas temperature of the plasma varies for different amounts of each of the dopants.
This is dependant on various parameters such as the amount of nitrogen present
in the plasma and the gas flow of the system. This has been the focus of a short
experiment run and is presented in §5.4.1.
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3.2.3 Humid flow system
Early on in this project it was observed that increasing the humidity of the input
gas may improve the bonding performance as there is the potential for the number
of OH, O and other functional groups on the surface to be increased. These have all
been shown to be good for adhesive bonding as they increase the polar component
of the surface free energy and provide sites for the adhesive to bond to.
The working gases in this work were from gas bottles, with the exception of air which
was from a pump in the treatment room, and therefore had a very low humidity of
less than 6%, accurate measurement of the humidity in this range is not possible
with the equipment available at the time of measuring. To increase the humidity of
the gas flow a system was developed, a schematic of which is shown in Figure 3.2
with a description of the process:
1. Gas is split at point 1.
2. Primary gas is unmodified and mixed with the secondary gas flow, point 2.
3. Secondary gas flow is passed through a water trap and then a bubbling vessel,
point 3, with water in before being mixed with the primary gas flow, point 2.
4. Mixed gas is then passed through a sensor chamber which is to detect the
humidity of the mixed gas, point 4.
5. Mixed humid gas then passes into the torch head, point 5.
When humid plasma was used there was no option to use other dopant gases, this
could be implemented but would require additional apparatus such as an additional
mass flow controller which was not an option for this project.
For the majority of the project the humidity of the gas was set manually, by changing
the secondary gas flow and then balancing the primary gas flow to ensure that the
total sum gas flow was 8 l min-1. For each change in humidity this took several
minutes. Towards the end of the project this was automated, which is covered in
§4.2.
Figure 3.2: A schematic of the humidity system
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3.2.4 The XYZ stage
To enable the treatment of large areas the plasma torch used in this project was
attached to a three axis stage. The treatable area of the stage is 240 mm by 360 mm.
The maximum traverse speed is 2000 mm min-1 but has been limited to 1500 mm min-1
for this project to ensure that there are no issues when moving the torch using the
cursor arrows. At the maximum speed the stepper motors are unstable and are prone
to miss de-tents which would lead to erroneous position data being used.
The stage is connected via a control box to a computer running Mach3 software
which is used to control the XYZ stage. Mach3 is software that can run through a
series of commands and implement them on the XYZ stage. These commands are
written by the user in G-Code which is a programming language that requires the
destination Cartesian coordinates and the rate of travel. The software then calculates
the path to that point in space. This system allows for repeatable treatment of
samples at constant speeds and stand off distances. This is an important factor to
consider when conducting large scale tests.
Some plasma conditions produce ozone at an increased rate compared to pure argon
a box can be placed over the XYZ stage and attached to an air extractor arm in the
laboratory. This keeps the plasma in a constant moving stream of air and removes
the ozone as it is produced.
3.3 Analytical methods
3.3.1 Introduction
During this project there were several standard tests that were regularly used to
investigate the surface, the plasma and also the bond strength that a treatment
obtained. The details of the tests and the discussion around the applications,
drawbacks and assumptions are well published and widely available and will therefore
not be described in this thesis. The next sections will instead detail the reasons
of selecting the tests and equipment and also the operating parameters used when
conducting the tests.
3.3.2 Lap shear testing
As an aim of this project is to compare pre-treatments for the adhesive bonding of
metals a suitable mechanical test is the single lap shear. This is because they are
relatively quick to perform, highly controllable and widely used in literature which
allows for comparisons to be made between this work and previously published data.
The tests in this project were conducted under BS EN 4587:2003 conditions with
minor changes (British Standards Institute, 2003a). The largest change is that the
samples were made individually and not as a plate and cut up. The reason for this
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Figure 3.3: Schematic of the single lap shear test joints used in this work
change from the standard is that cutting the bond line of a brittle adhesive such as
epoxy is likely to introduce micro cracks and defects which may later become crack
initiators during the test and lead to erroneous results, this method is similar to that
used by other published authors for the same reason (Williams et al., 2014).
To ensure that this method of manufacture was sufficient, a series of measurements
were taken on a large number of samples, to test for divergence such as overlap
dimensions and if the joint was off axis. These values are presented in §6.3.3. The
methodology for taking these measurements is described in the next section. Figure
3.3 presents a schematic of the single lap shear geometry used for the entirity of this
work. The thickness, t, of the substrates is 3 mm and 2 mm for stainless steel and
titanium respectively.
3.3.2.1 Bond angle measurements
The angle of the bonded joint was measured by placing the sample against a flat
surface. A rule was then slid up against it to provide a straight edged extension
of the edge of the sample. A second rule was used to measure the displacement
of the furthest edge in millimetres from the line of the bottom sample. This was
done using both sides of the sample to allow for any distortions in the samples as a
result of the cutting process. Figure 3.4 shows a schematic of the set up used for
the measurement of the bond angle. The displacement was taken at the extreme
edge and then trigonometry was used to calculate the angle of the samples to each
other.
α = sin
(
O
H
)
Where H in this instance is 93.75 mm and O is the measured displacement. This
assumes that the samples pivot on the centre point of the bonded area.
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Figure 3.4: Diagram of how the bond angle was measured
3.3.2.2 Bond displacement measurement
The bond displacement measurement was taken by placing the bonded joint on a flat
bench top and holding the lower part to make it flush against the surface. A vernier
caliper was then pressed down against the floating end. The depth probe is extended
to the bench top and the measurement taken. Figure 3.5 shows the setup for this
measurement. After this measurement is taken, the thickness of the substrates and
bond line is subtracted from the value recorded to give the divergence from a perfect
sample. This data is then plotted against the failure load and stress to determine if
there is any correlation between the longitudinal divergence and bond performance
when using single lap shear tests.
Figure 3.5: Diagram of how the bond displacement was measured
3.3.2.3 Bond line thickness
As no method to control the bond line thickness was used in this work each of the
samples were measured to determine the bond line prior to the tensile test. This
was done using callipers on a spot in the centre of the bonded area. The sample
thickness was measured by taking the mean of 50 substrates. This was found to have
a very low standard deviation, less than 1%, for both the stainless steel and titanium
samples.
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3.3.3 Durability investigation
3.3.3.1 Introduction
To test the durability of a bonded joint there are several different experiments available.
Each test the adhesive/material joint in a different manner and environment and
therefore provide information about different properties. Tests such as the double
cantilever beam (DCB) are popular in the literature, and from it a fracture energy
(GIC) value can be determined with relative accuracy. These tests do however take
time on equipment and are relatively slow to perform. A modified version of this
test is the tapered double cantilevered beam which uses a tapered sample, instead of
straight like the DCB test, which ensures that the stress at the crack tip remains
constant throughout the test. These tests require jigs to be made depending on the
mechanical properties of the substrate and, like the DCB tests, require a tensile
testing rig to be performed. These factors reduce the number of tests that can be
performed in a given time and increase costs which can further reduce the potential
scope of the investigation.
An alternative to these tests is the Boeing wedge test, also called the wedge crack
extension test. Developed by Boeing in the 1960s it has since been turned into ASTM
D3762-03 (ASTM International, 2010) the Boeing wedge test uses plate material cut
into 150 mm by 25 mm coupons. These are then treated and bonded together with
an un-bonded region of 20 - 25 mm at one end. A wedge is inserted at the un-bonded
end which forces the substrates apart and forces a crack to propagate through the
bonded section of the joint. The crack extends through the joint and comes to a stop,
the length of the crack is then measured from the beginning of the adhesive and
an equation is used to give an indication to the GIc value of the joint. As the joint
is still being forced open by the wedge there is still a stress concentration around
the crack tip, this is then used to test the joint in hostile environments such as a
humidity chamber or hot water.
After the sample has been in a hostile environment for a set time it is removed, the
crack length measured again and then the sample can be placed back in the hostile
environment. This can be repeated a set number of times over a period of time. The
crack length extension between measuring points gives information on the stability
of the joint in certain environments. These results serve primarily as a comparison
for different pre-treatments and adhesive/adherend combinations.
As there is a large number of treatment variables possible when using CAP the
number of samples will likely be high and therefore require numerous samples to be
made. For this reason the Boeing wedge test has been selected for the durability trials
as it can provide a suitable comparison between pre-treatments, a pseudo fracture
energy can be calculated using the results with a reasonable level of confidence.
The manufacture and implementation of this experiment is described in the next
section.
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3.3.3.2 Methodology
For the Boeing wedge tests that have been conducted in this project the ASTM
standard was followed in terms of the geometry and measurements. There were some
deviations from this standard which will be explained in this section.
Like the lap shear tests the standard recommends to manufacture the samples in a
single plate and then cut them into individual samples. This was not done for the
same reasons as the lap shear tests, to minimise and stress and potential cracks on
the sample edges. This is in line with other investigators some of which have gone to
great lengths, such as cutting the samples slightly large, milling them down further
and then polishing the edges down to give adequate distinction of the adhesive,
(Adams et al., 2009). This is possible for a smaller study containing 20-50 samples.
As this investigation comprises of 160 samples this would take a prohibitive amount
of time and resources. To ensure that the crack could be easily identified the the
adhesive spew was removed and the surface was painted with Tipp-Ex. This provides
a brittle surface which cracks with the substrate beneath it.
Another deviation from the standard was the method of forcing open the joint. The
standard dictates that a stainless steel or aluminium wedge should be used with a
certain geometry. This was attempted on a small set of samples and was found to
be difficult to insert reliably, possibly as a result of the narrow bond line thickness
in this experiment. To enable a more reliable opening one of the samples had a
hole drilled and tapped 15 mm from one end through which an M5 bolt could be
tightened which then pressed against the opposite sample and forced the joint apart.
To mimic the action of a wedge the samples were marked 20 mm from the drilled
end which is the length of wedge and then a measurement was taken at this point
while the joint was being opened. When the opening was 3 mm at this point the
tightening of the bolt was stopped and the joint could be measured and aged.
Figure 3.6 shows a schematic of the Boeing wedge test used in this work. The
thickness, t, was 3 mm or 2 mm for stainless steel and titanium respectively.
Foil
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135mm
25
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Figure 3.6: Schematic of the Boeing wedge test joints used in this work
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The samples were cut using a guillotine and then flattened using a hydraulic press.
They were still warped to some degree however which could seriously effect the
results. To reduce this effect the samples were matched up in pairs which have
similar warping and therefore have close contact their entire length.
The chamber that was used for aging the samples was held at 50°C and over 98%RH
for the entire time the test was being conducted. The samples were staggered when
they were put into the chamber the first time, this was to make the entire experiment
run more smoothly as it meant there was more time to acquire the photos from
which the measurements were taken. While in the chamber the samples were placed
with the bolt facing upwards.
3.3.3.3 Fracture toughness values
The raw data from the durability experiment is the crack length against time in
the hostile environment. This can be directly compared with other samples in the
experiment in this project. There has however been a large amount of work conducted
to try and relate this value to the fracture toughness of the joint which can include
the interface, depending on how the joint fails.
There are several methodologies outlined in the literature for the calculation of the
fracture toughness from the crack extension in the Boeing wedge test. They are
generally similar and use the same form but with some additions to include certain
factors. For this work the method outlined by Adams et al. (2009) will be used with
the following equation:
GIc =
3Eh3t2
16a4
(3.1)
Where E is the Young’s modulus of the substrate, h is the thickness of the substrate,
t is the width of the opening or wedge thickness and a is the crack length. This
equation derives from the concept that the joint acts as two single cantilevered beams
with a length equal to the crack length. This assumes that the beams are absolutely
rigid which, in practice, is not the case which is one reason why this equation gives
and approximation to the fracture energy.
Another area of uncertainty in these calculations is the measuring of the crack length
and how it reflects the true length of the crack. The crack length was measured
on both sides and averaged. This is to reduce any effect of crack front pinning
on one side of the joint or any issues with voids in the adhesive causing uncertain
readings.
In this thesis both the crack extension and fracture energy are presented to allow for
any cross checking by the reader. This is to reduce the frustration the author had
when readings papers with either one or the other result. This is to allow for the
reader to check the results and the equations.
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The combination of lap shear and Boeing wedge data will enable a good understanding
of the process and also determine if plasma treatment can provide a comparable
adhesive joint compared to the wet chemical treatments. These methods do not,
however, elucidate to what is occurring during the CAP treatment of metals. To
gain an understanding on this some chemical analysis of the surface pre and post
treatment is required using various analytical methods which will be described in
the next few sections.
3.3.4 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a widely used analytical technique,
therefore a full explanation of the process will not be undertaken. There are several
reference texts which cover the subject to a very high level (Briggs and Seah, 1984,
Watts and Wolstenholme, 2003). The following explanation is a basic overview of
the technique.
XPS works by using the photoelectric effect of materials. This is where electrons
are emitted from atoms which are exposed to electromagnetic radiation. The core
electrons themselves are initially bound to each atom with a force that is unique
for each element. This fact, along with the energy of the X-ray (hv) going into the
material leads to a simple equation which allows for the calculation of the binding
energy of the electron to the nucleus of the atom. Figure 3.7 shows a schematic
for this process and Equation 3.2 allows for the calculation of the binding energy,
EB.
Figure 3.7: Diagram showing the photoemission process (Watts and Castle, 1984)
EB = hv − EK −W (3.2)
Ek is the energetic energy of the electron which is emitted from the sample and W
is the work function of the instrument. The work function is a corrective factor that
takes into account any losses in the instrument or material under analysis.
The number of electrons detected is proportional to the amount of the element in the
sample under analysis. Therefore a composition of the sample can be calculated with
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a high degree of accuracy, within 0.1 At.%. Using XPS it is possible to determine
the chemical state of the element in the sample. This is because if the element is
bonded to another there is a shift in the electron energies in the core levels. For
example if an element is bound with oxygen there is an increase observed in binding
energy. This is because the oxygen retards the electron when it is leaving the surface
as it is highly electronegative.
For this project there are two main topics of investigation which are required. One
is a spot analysis which will analyse different treatments and determine the chemical
composition of the central region. This was conducted to allow for comparison of a
large number of treatments as a single sample takes between 60 and 90 minutes to
acquire a full set of spectra. The second mode of XPS acquisition is snapshot This is
used to expedite the analysis of large areas of treated material at the cost of spectral
resolution, allowing a set of spectra to be acquired in 60 seconds and hence images
are acquired in a timely manner. These methods will be described in further detail
in the next sections
Scanned spectra
For this acquisition mode the instrument is scanned through the energy range, from
high to low kinetic energy, in steps set by the user which are usually 0.4 eV for
a survey and 0.1 eV for high resolution spectrum. The instrument dwells on each
step for a set time and measures the electrons being emitted from the sample. The
instrument scans through the energy range a set number of times and averages the
results, this is to increase the signal to noise ratio. The number of scans can be as
high as 150-200 for some samples which can take several hours and is therefore not
regularly done. For this project the typical number of scans was 25-50 depending on
the element and its abundance in the sample.
The protocol for obtaining these spectra is to acquire a survey scan at a high pass
energy, of 200-300 eV with 0.4 eV steps, and then select the elements and scan the
regions of interest using lower pass energies, of 20-80 eV using 0.1 eV steps, so as to
obtain a set of spectra which can be post processed and peak fitted to gather more
information about the nature of the surface.
A representative sample of the spectra from this analysis is shown in Figure 3.8 of
plasma treated stainless steel and the high resolution spectra of carbon and iron, the
difference in binding energy range acquired can be seen to be large between the two
elements. This is, in part, a result of the electron spin splitting of the core electron
band in the iron producing a second peak at a higher binding energy (Biesinger et al.,
2011).
Snapshot spectra
In this mode the channels of the analyser are each divided into different energy bands
across a designated range, in the Theta probe there are 112 channels. The analysing
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Figure 3.8: Spectra of (a) carbon and (b) iron acquired using the scanned
acquisition mode
channels are then read in parallel and a spectrum can be obtained in less than a
minute. As with the scanned spectra this is repeated a set number of times, which
in this case is between 30 and 40 scans. A sample of the spectra is shown in Figure
3.9. In this figure it is obvious that there is significant degradation of the spectral
resolution compared to the scanned spectra and as a result these spectra are not
suitable for complex subsequent analysis such as peak fitting, the energy range is
also smaller compared to the scanned acquisition method. This is to reduce the pass
energy enough to increase the quality of the spectra, this will be described in the
next paragraph.
When using this method of acquisition the pass energy is dictated by the energy
range of the analysis, increasing the acquired energy range leads to an increase in
pass energy and a reduction in spectral quality. Therefore, if the element requires a
large energy range, e.g. iron, the pass energy will be too large for any meaningful
quantification. For this reason the energy ranges have been chosen to allow for
suitable quantification. The elements scanned, the energy ranges, and pass energies
are shown in Table 3.2. The pass energy can be seen to change as a function of
the energy range being analysed. For carbon, oxygen and nitrogen the peak is
narrow enough to be acquired in its entirety without a large increase in pass energy.
For chromium and iron, however, the energy range for the entire peak is in the
region of 40 eV, as seen in Figure 3.8 (b). Therefore to acquire the whole peak
would push the pass energy too high to be able to define any detail or accurately
calculate a composition. For this reason a smaller window has been chosen to
cover a single electron spin orbital rather than the electron level. This method is
compensated by using a different sensitivity factor when quantifying the spectra in
post processing.
3.3.4.1 XPS instruments
During the source of this work there have been three XPS instruments used to
acquire spectra and images. These are an ESCALAB MkIII, a Theta probe and
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Figure 3.9: Spectra of (a) carbon and (b) iron acquired using the snapshot
acquisition mode
Table 3.2: Elements, energy ranges and pass energies of snap shot spectra
Element (Core electron measured) Energy range (eV) Pass energy (eV)
Carbon (C1s) 281.0 - 292.0 116.9
Nitrogen (N1s) 389.7 - 406.6 180.7
Oxygen (O1s) 526.0 - 537.8 127.5
Chromium (Cr2p3/2) 568.8 - 594.4 276.3
Iron (Fe2p3/2) 700.9 - 722.6 233.8
a K-Alpha. All of the instruments are manufactured by Thermo-Fisher. Each of
the instruments have the same basic operating principles but they have each had
different applications throughout the course of this work.
This section will describe the modes of operations carried out on each and give
some of the reasons for this choice. It will also detail any differences the equipment
had compared to others used in other work. A full description of the equipment
will be omitted as there is a large body of published work which uses each of the
instruments.
ESCALAB MkIII
The ESCALAB MkIII used in the initial stages of this work, this is because the
instrument is capable of high throughput which enables the analysis of numerous
samples. The instrument itself has been modified over its lifetime and has been
upgraded with a digital analyser and updated, non-monochromatic, X-ray gun.
The instrument has an analysis area of ∼5 mm which is limited by the analysing
column, the area irradiated by the x-ray source is larger. This results is high intensity
spectra allowing for an analysis to be completed in a relatively short time compared
to the Theta probe.
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Theta probe
The Theta probe was used in during this project when imaging XPS (iXPS) was
desired. The analysis area is set by the X-ray gun and is variable from 25 to 400µm
diameter. An XPS image is achieved by rastering the stage in between the acquisition
of the set of spectra.
For spot analyses the x-ray spot was set to 400µm which produces a more intense
signal compared to the smaller spot sizes which are used when imaging. An additional
function that is possible using this instrument is angle resolved XPS which can allow
for the analysis of thin films and give further understanding about the sub surface
chemistry. This has not been used in this work.
K-Alpha
Finally a K-Alpha has been used for some of the analysis, this is also a small spot,
monochromatic, XPS instrument which is highly automated. This instrument has
the addition of a MAGCIS argon ion gun which allows for mono atomic and cluster
argon ion etching of the sample under analysis (Simpson et al., 2017). This has been
used for the depth profiles conducted during this work to probe the thickness of the
oxide layer.
The depth profile was achieved using mono-atomic argon atoms the parameters and
values will be given in later sections when the data is presented.
The chemistry of the surface is an important factor to consider in relation to adhesive
bonding as the substrate surface forms one half of the adhesive interface. If this is
suitable in terms of chemistry the likelihood is that the bond will perform better.
XPS has been used to gain insight into the nature of the treated surface and the
effect that CAP can have on stainless steel and titanium but there is a limit to the
resolution and the chemical information that can be gained from it. As this is the
case, a more sensitive method was required to further probe selected treatments.
Time of flight - secondary ion mass spectrometry (ToF-SIMS) can analyse the surface
in such a way and will be described in the next section.
3.3.5 Time of flight - secondary ion mass spectrometry
3.3.5.1 Introduction
ToF-SIMS is a method used to probe the chemistry of a surface. It is generally
considered complimentary to XPS as it can determine individual species that are
present on the surface such as long chain hydrocarbons and nitrogen or oxygen
containing compounds.
The technique itself is well documented and widely used (Vickerman and Briggs,
2013), albeit less so that XPS, and uses a pulse of high energy bismuth ions to break
the surface under examination. Some of the atoms and groups that are broken off
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from the surface are ionised in the process as they under go hetrolytic scission. These
ions are then accelerated by an electric field and admitted into the analyser.
The analyser operates by accelerating the ions from the surface and up into a column
at the end of which is an electrostatic reflector. The ions are propelled into this and,
depending on their momentum, are reflected back down to the detector. Each of the
ions is counted as it falls onto the detector and the time from the bismuth gun firing
to the ion striking the detector recorded. This equates to the time of flight and using
this value the mass of the ion can be calculated to a very high degree of accuracy, as
the light elements have a higher velocity for the acceleration force in comparison to
the heavier ions which arrive more slowly.
3.3.5.2 Operation
ToF-SIMS was used in a similar manner to the snapshot spectra of the XPS for this
project. The main focus of the ToF-SIMS analysis was to further the understanding
of the distribution of the chemical species across the treated area and compare this
for several different treatment parameters.
This technique was also used to probe the effect of atmospheric humidity on the
plasma torch. 316 stainless steel was treated using argon plasma doped with either
H2O or D2O. ToF-SIMS was then used to analyse the surface and the spectra
compared to attempt to differentiate between the two samples. The aim being to
identify if there is any deuterium or deuterium compounds on the surface. This is to
investigate how much of a role the environmental humidity plays in the treatment of
metals.
3.3.6 Surface free energy
The surface free energy is an important property of a material as it directly affects
the wettability, and therefore can be related to the adhesive properties of the surface
(Comyn, 1997). In this project it was measured by using the contact angle between
the surface and two probe fluids.
This analysis was conducted early on in the project on stainless steel to act as a down
selection aid for the numerous gas combinations for the plasma treatment. This was
done using a Kru¨ss easydrop using 5µl of deionised water and 2µl of diiodomethane.
These quantities were selected based on the largest drop that could be suspended
from the needle prior to the surface being raised up to the drop.
The contact angle is a measure of the equilibrium point of the drop which occurs
at the three phase boundary between the solid surface, the liquid drop and the gas
surrounding the system. The equilibrium point is governed by the surface/interfacial
tensions. The drop, when applied to the surface will change its shape until it is at
equilibrium. This lead to Young’s equation (Young, 1805) being developed, Equation
3.3, which takes into account γsv, γsl and γlv is the solid-vapour, solid-liquid and the
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liquid-vapour interfacial energy respectively. θ is the angle denoted in Figure 3.10
measured from the plane of the solid in this case.
γsv − γsl = γlv cos θ (3.3)
Figure 3.10 shows several scenarios where a drop of water is in contact with surfaces
of different topographies. The contact angle can be seen for each scenario, being the
angle between the tangent of the drop at the surface and the plane of the surface.
In 3.10(a) it can be seen to be less than 90°. This is what is expected for a post
treatment sample in this project. Figure 3.10(b) shows the angle is above 90° which
is what is expected for an untreated sample. These diagrams show the difference
between a hydrophilic surface, Figure 3.10(a), and a hydrophobic surface, Figure
3.10 (b).
Figure 3.10 (c) shows what can happen if there are multiple points of contact with
the drop and the surface, this is an unfavourable situation to be in for the purposes
of this study as this will produce results that suggest that the surface energy of the
sample has not changed.
Figure 3.10: A diagram showing the contact angle for surfaces of varying surface
energies (Que´re´, 2002)
Materials with a high surface energy have been shown to have a higher wettability
compared to one with a lower surface energy. To deduce the surface energy of the
solid several liquids must be used during the experiment and the contact angle of
each used to calculate the surface energy this constitutes the Fowkes method which
deduces the dispersive and polar interactions.
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3.3.6.1 Use of surface free energy
During the early stages of this project a study was undertaken using surface free
energy to investigate the optimum treatment settings to use for the adhesion trials.
This was only conducted during the stainless steel phase of this work and the results
prove to be consistently high, as discussed in §6.3.1. As these results did not assist a
great deal in the understanding of the CAP treatment process the use of surface free
energy was halted for the remainder of the work after a suitable set of treatment
parameters has been decided based on the results.
3.4 Materials
3.4.1 316 Stainless steel
Stainless steel is a steel alloy that has many variations with individual applications
and characteristics. The usage of stainless steel ranges from chemical production
plants to kitchenware and surgical implements. It is a relatively cheap material with
high tensile strength and much improved corrosion resistance compared to steel. It
has a high density and, therefore, relatively low specific strength which can limit its
usage in some applications such as aerospace where mass it as a premium although
it is still used in certain, high stress areas on an airframe, such as in the wheel
struts.
In this project 316 stainless steel was selected for testing as it demonstrated the great-
est change in surface properties compared to several other materials in preliminary
testing. This is an austenitic steel with a high chromium content of ≈ 16.5% and
the addition of molybdenum. The molybdenum works to increase the resistance to
pitting corrosion. This makes stainless steel a good candidate for marine applications
and is widely used in the industry.
The stainless steel for this project was purchased from two suppliers. All of the sam-
ples were coated with a PVC film for protection during transport. This also produced
a repeatable contaminated surface. One was a sheet 2000 mm× 1000 mm× 2 mm
(Smiths metals). This was used for initial trials and large scale lap shear testing. The
material was cut into two types of specimen, one was 100 mm× 25 mm (±0.5 mm)
which were used for lap shear testing and the second was 120 mm× 50 mm (±0.5 mm)
which was used for contact angle testing. The cutting was done at TWI Ltd on a
hydraulic press guillotine.
A second set of samples were pieces 150 mm x 25 mm x 3 mm (Pro-Test panels). These
were used for Boeing wedge test durability trials. This set of samples was cut by
the supplier with a hydraulic press guillotine. The samples themselves were slightly
distorted due to the cutting process and were also flattened by the supplier using a
press. This reduced the warping but didn’t completely eliminate it. Prior to any
work commencing on these samples they were matched up into pairs to ensure that
any warping was in the same direction to match the surfaces up.
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Steel composition
Inductively coupled plasma - optical emission spectroscopy (ICP-OES) is a method
for quantifying the bulk composition of a metal. This was done on a selection of the
samples under examination in this project to ensure the material is to specification.
The results and the stated values are shown in Table 3.3. These results show that
the metal is of the correct composition for 316 stainless steel.
Table 3.3: Nominal composition of 316 stainless steel
Fe Cr Ni Mo C Mn P S
AISI 316
steel
Bal 16-18.5% 10-14% 2-3% <0.03% <2% <0.045% <0.03%
Test
samples
Bal 16.5% 10.2% 2.00% 0.02% 1.40% 0.02% 0.003%
3.4.2 Titanium-6Al-4V
Titanium is a high performance, lightweight alloy predominantly used in industries
where mass is a critical consideration such as aerospace and auto sport. It is generally
used in high value items as it is an expensive material to purchase, machine and
form. Titanium-6Al-4V is the most widely used alloy of titanium and makes up 70%
of usage globally (AZoM, 2002).
The titanium in this project was purchased from Smiths Metals in two batches. Both
the lap shear and the Boeing wedge test samples were pre-cut by the supplier. The
lap shear samples were 2 mm thick and the Boeing wedge test samples 3 mm. The
other dimensions were the standard size for lap shear and Boeing wedge tests as
stated in the §3.4.1.
As the samples were already cut there was little preparation for the Boeing wedge
test apart from drilling and tapping the holes in half of the samples. The lap shear
samples however had been supplied annealed and had a thick oxide layer on. As this
material is not what would be used in industry the samples were treated prior to any
CAP or chemical treatment being applied. They were etched in nitric/hydrofluoric
acid for 60 seconds each to remove the thick oxide layer and replace it with a fresh,
thin, oxide layer.
As this then added a chemical treatment step to the pre-treatment experiments there
was uncertainty about what exactly affected the bond strength. To remove doubt
some samples were then polished using a metallographic wheel to a final grade of
2500 grit. These were then dried of the lubricating water used for the polishing and
treated with CAP or the chemical pre-treatment before bonding. The results for
both of these tests are described in §7.3.1.1.
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3.4.2.1 Titanium-6Al-4V composition
Like the stainless steel the titanium samples that were purchased for this project were
subjected to a bulk analysis to ensure that the composition was within specification
Table 3.4 presents the data of the ICP-OES analysis performed on the samples.
Table 3.4: Composition wt% of titanium-6Al-4V
Ti Al V C Fe
Tt-6Al-4V thresholds Balance 5.5 - 6.75 3.5 - 4.5 0 - 0.8 0 - 0.3
Lap shear samples Balance 6.18 4.06 0.013 0.05
Boeing wedge test samples Balance 5.87 3.86 0.014 0.13
The results show that all of the samples that were tested were within specified limits
of all of the alloying elements.
3.4.3 Redux 319 adhesive
Redux 319 is a one part epoxy film adhesive produced and supplied by Hexcel
Corp(UK). It is designed to be used primarily for bonding aluminium in high
performance applications in the aerospace industry but has also been shown to
provide good adhesion for other metals and also some composites.
Figure 3.11: Chemical diagram of an epoxy showing the stressed –CH2-O-CH- ring
(circled)
An epoxy is a chemical which contains a stressed –CH2-O-CH- loop an example of
this is shown in Figure 3.11. During the cure cycle this ring is broken which is the
primary method of cross linking as there is a chemical change in the polymer during
the cure, epoxies are thermosetting polymers which can be modified to adhere to a
wide range of materials and, once set, are generally strong but brittle in nature. The
cure is also irreversible, unlike thermoplastic polymers. There is a plethora of epoxies
available with an equally vast array of properties depending on the formulation and
additives.
Redux 319 was selected because it is already used in industry. It is also a film
adhesive which is much easier to work with compared to paste adhesives and will
reduce the variability in bond line thickness. Finally, and most importantly it is a
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high performance adhesive. This means that the bulk strength of the adhesive is
high which will reduce the likelihood of the failure occurring in the bulk compared
to the interface. This is the region of interest in this work. This means that the
failure data is directly linked to the prior treatment and not being limited by a weak
adhesive.
The Redux 319 cure instructions state that the adhesive should be at a temperature
of 175 °C for one hour. Prior to this project a short study on heating times was
conducted. It was found that the lap shear samples required 5 minutes to reach
175 °C when placed in a pre-heated oven. Therefore the total cure time for the
duration of this project was 65 minutes. After the curing cycle the samples were left
to air cool in ambient conditions.
3.5 Summary
Before to the main experimental work commenced a short preliminary study was
undertaken using plasma equipment capable of a single argon plasma plume, a
pre-cursor to the PlasmaTact used in the rest of this work. This was to ascertain if it
was feasible that plasma can affect the surface in a positive manner for this project
and to determine which metals were best for analysis.
This study covered surface free energy and some limited tensile tests. The results
will not be included in this thesis as they were only used to determine the efficacy of
plasma treatment on different metals. The main results from this study was that
stainless steel produced the largest difference from pre to post treatment followed by
titanium and finally aluminium.
With the arrival of the new equipment with the ability for dual gas flow the first
investigation undertaken was to analyse the plasma plume. This was to see if there
were any discernible differences between different plasma gas combinations for the
PlasmaTact. The analyses included optical emission spectroscopy and molecular
beam mass spectrometry. This is covered in the chapter 5.
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Developed methods
4.1 Failure surface investigation
4.1.1 Introduction
Many tests for adhesives exist, each with their own set of rules governing how they
are conducted and how the results should be obtained and interpreted. The tests are
designed to give data about an adhesive/substrate combination in terms of durability,
ultimate shear strength, impact resistance or fatigue performance. Each of these is
an important aspect of a bonded joint. In this work the main focus has been on the
ultimate shear strength, which has been investigated using single lap shear tests, and
durability, for which wedge tests have been conducted.
Each of these tests relies on making samples by bonding the substrates together and
then testing them to failure. The resultant data can then be used and interpreted
according to the standards. There is, however, additional data which is not routinely
obtained after a test such as failure surface analysis which can be conducted on
the two new surfaces which have formed during the joint failure. This analysis can
further the understanding of the bonded joint and determine what type of failure
occurred.
BS EN ISO 10365:1995 covers the classification of failure surfaces and has been used
for the initial trials in this project with further developments used in the latter stages
(British Standards Institute, 1995).
This project has generated a significant number of lap shear tests to ascertain the
best performing pre-treatment. Upon investigating the nature of failure surface
analysis it was felt that the techniques employed were poor in terms of reliability
and repeatability. This is mainly a result of the estimation by eye element of the
analysis.
Whilst this type of analysis is problematic, it has not stop it from becoming the
norm, and results of ‘by eye’ estimations are regularly reported in published research.
One aim of the work in this report is to form a reliable, repeatable and transparent
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method of testing failure surfaces for this work. There is also some work to compare
this method against other methods and experts in the field of adhesives.
Using a ‘by eye’ analysis method may restrict the information being gained. Based
on some investigations which correlate the fractal dimension of the substrate surface
profile to the failure strength of the joint it was decided to include the 2-dimensional
fractal dimension of the adhesive post failure (Mannelqvist and Ring Groth, 2001,
Underwood and Banerji, 1986). This will be described in further detail in §4.1.3.
4.1.2 The issue
When examining a failure surface by eye, the observation may support a particular
type of failure. The presence of a small amount of adhesive on the substrate may
point to a cohesive failure of the adhesive or a mixed mode failure, which will be
described later in this section. But what if the adhesive present is not visible to the
naked eye? Using a microscope will enhance the visibility of the microscopic adhesive
fragments, but then determining the percentage may be erroneous as the field of
view is relatively small at higher magnifications. These and some other methods
which could be employed are detailed in Table 4.1.
Table 4.1: Table comparing different methods of data acquisition for fractal surface
analysis
Method Advantages Disadvantages
By eye Quick, gives an estimate of
failure type and amount
Can easily miss microscopic spots
of adhesive on a surface. Poten-
tially suffers from tiredness and
experimental bias, no further anal-
ysis possible
Macro camera
and computer
Most labs have a cam-
era, inexpensive, quick,
increased magnification over
eye, whole failure surface
analysis possible, automatic
failure surface possible,
small file sizes
Not as high resolution compared
to microscope or SEM, distortion
possible at high magnification and
short focal distances.
Microscope Higher magnification than
eye, no (gold) coating re-
quired
Small field of view at high mag-
nification, stitching possible with
motorised stage
SEM Ultimate in magnification,
good difference between ad-
hesive and substrate (carbon
and metal), stitching pos-
sible in software, can gain
chemical information of the
surface at the same time
Large file sizes at high magnifica-
tion, difficult to process quickly,
slow acquisition, gold coating
mandatory for adhesive
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Using a computer to perform the analysis of a failure allows for additional parameters
to be calculated. Beyond the failure type and percentage of failure type there can
also be other parameters such as distribution of adhesive or the fractal dimension of
the adhesive, this has been conducted in this project and is discussed in §4.1.3.
The types of failure are described in the following pages.
Cohesive failure
A cohesive failure can occur in two regions of the joint, either in the adhesive or
in the substrate itself. This is where one material fails and produces two surfaces
of the same material. For most research involved with pre-treatments this is the
optimum type of failure as it demonstrates that the interface, the area affected by
the pre-treatment, is stronger than either the adhesive or the substrate. A schematic
of a cohesive failure can be seen in Figure 4.1
A second type of cohesive failure exists whereby there is a very thin film of adhesive
remaining on the substrate after the failure. This adhesive layer may only be 10s of
microns thick and invisible to the human eye but using other analytical techniques
is detectable. This is known as a near cohesive failure which is also demonstrated
in Figure 4.1. These types of failures are a challenge to quantify as they will be
classified as an interfacial if the user only observes the surface by eye.
Figure 4.1: Schematic showing cohesive and near cohesive failure
Interfacial failure
An interfacial failure is a failure at the interface of the joint. This can be indicative
of the joint being improperly prepared and a weak bonding layer being present of
a significant mismatch of the mechanical properties of the adhesive and substrate.
When a joint undergoes an interfacial failure the surfaces produced are dissimilar
and will consist of the substrate material and the adhesive. This is not a desirable
failure mode as it implies that the interface is weaker than the bulk adhesive or the
substrate. A diagram of an interfacial failure can be seen in Figure 4.2
Mixed mode failure
This is a failure where the crack zig-zags from one substrate to the other through
the adhesive. This is considered satisfactory in terms of obtaining maximum joint
strength but is difficult to characterise further and obtaining a reliable percentage of
failure type is very difficult. An example of this is shown in Figure 4.3
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Figure 4.2: Schematic of an interfacial failure
Figure 4.3: Schematic of a mixed mode failure
4.1.3 Fractal analysis
4.1.3.1 Introduction
Fractals were first observed by Richardson (Mandelbrot, 1967) who noticed a differ-
ent boundary distance reported by neighbouring countries while investigating the
potential for the outbreak of war. For example Portugal and Spain declared their
common boundary at 987 and 1214 km respectively. Richardson realised that this
difference cannot be real as they are measuring the same line. There were no conflicts,
annexations or disagreements between the countries that would cause this disparity.
Upon closer inspection this was one of many political boundary measurements where
each side stated a different length.
The reason for the mismatch, it transpired, is how each country measured its border,
and this difference was relative to the minimum length of the so called ‘measuring
stick’. This observation lead to the measurement of coastline length and he showed
that by using shorter and shorter measuring sticks the answer increased. This is
because the shorter the minimum measurement the more closely one can trace the
true perimeter of the coast. This can be taken to extreme lengths with a minimum
measurement being that around individual atoms on the coast of country. This is
obviously a purely theoretical limit to the measurement and is impractical to perform
in reality. The difference is highlighted in Figure 4.4.
This work was largely ignored by the scientific community until several years after
his death. When Mandelbrot (1967) published several papers on the observance on
fractals in nature and their impact on the world Mandelbrot (1984; 1985).
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Figure 4.4: Illustration showing the variation of coastline length based on measuring
stick length. (Underwood and Banerji, 1986)
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The fractal dimension of a shape is a measure of how ‘self-similar’ an object it. At its
most basic this means that if an image is viewed with an increase magnification the
image will appear to have not changed. This is true for a curve such as a Koch curve,
shown in Figure 4.5. The Koch curve is built iteratively by dividing the straight
lines into thirds and then forming a peak above the middle third. This can be done
ad infinitum. Therefore if the image is enlarged it would appear the same as the
iterations progress.
Figure 4.5: The Koch curve with 3 iterations
A further explanation, for a more complex shape, is that the fractal dimension is a
measure of the length of a edge when different scale are used. This is the focus of
the work by Mandelbrot (1967) and in this thesis. There are several methods that
can be used for calculating this, in this work the box counting method was selected
as it is straight forward to implement and produces suitable results, this method will
be the focus of the next section.
4.1.3.2 Methodology
There are several different methods for calculating the fractal dimension of a shape.
They mainly differ in the method of taking the measurement. In this project the
box-counting method was chosen as it has a relatively simple implementation and
is efficient in terms of computing resources This is an important factor to consider
as the images in the analysis will be about 1.5 megapixels in size so performing a
routine on each pixel individually will be computationally intensive.
The box counting method is done by dividing the image up into a grid and then
counting the grid squares that contain the object of interest, in this case the adhesive.
The grid is then made finer and counted again. The initial size of the grid is dictated
by the size of the image and is generally half of the shortest side of the image. The
length of the grid is then reduced by half each iteration until the grid is only a single
pixel.
The output data is the box length and the number of boxes that are at least
partially filled with the object of interest. To be fractal this must obey the following
formula:
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D =
log n
logL
(4.1)
Where D is the fractal dimension, n is the number of boxes that are at least partially
filled and L is the side length of the box used.
This has been done for demonstration purposes of this report using the Koch Curve
which has a known fractal dimension of ≈1.27 (Barcellos, 1984).
Figure 4.6 shows three iterations of the box counting method. The first is with a box
size of 1, this is an arbitrarily assigned length, in this case equal to one quarter of
the shortest length of the image. The grid is superimposed on the image and where
ever the Koch Curve is in a box the box has been coloured green. All the completely
empty boxes have been coloured red. The green boxes are then counted which gives
a value of n = 14 using a length of L = 1.
The length scale is then halved to L = 1/2 and the same procedure is executed this
gives n = 36 for L = 1/2.
Finally the length scale is halved once more to L = 1/4 and the boxes are coloured.
This has given the n value of 74.
The values for n are plot against 1/L on a log-log graph which is shown in Figure 4.7
and the gradient of the line is calculated. For this example the value is 1.22 which is
close to the known value of 1.27 the result could be refined by continuing to halve
the grid further but this would take longer on each iteration and therefore is not
viable to do manually. This is possible using a computer however and the method
is relatively easy to implement using the imaging toolbox in MATLAB. This curve
will be used to test the MATLAB routine developed in this work. The routine is
included in Appendix A.
For purely mathematical geometries, such as the Koch curve, this line is straight.
This is not the case for natural phenomena which regularly exhibit different gradients
over different length ranges, this implies that there is a combination of shapes
superimposed on one another and the knee in the fitted line is the boundary between
the two.
The application of fractal mathematics to the fracture of materials has been investi-
gated by researchers over the years with regard to the fracture of steel (Mandelbrot,
1984) and other materials. Based on the literature found for this project there is
little on the fractal dimension of adhesives post failure. A facet of the failure surface
analysis will include calculating the fractal dimension of the adhesive and comparing
it to the failure stress this will be reported in §6.3.
4.1.4 Manual estimation methods
This is done by eye which allows for quick assessment of large numbers of samples
which can be advantageous for large scale testing. The accuracy of these estimations
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L=1, n=14
L=1/2, n=36
L=1/4, n=74
Figure 4.6: Koch curve with 2 iterations superimposed with the box counting
method using L = 1, 1/2 and 1/4 (top to bottom)
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Figure 4.7: log-log plot of L against n for the Koch curve in Figure 4.6
could be a disadvantage however as the result will vary between different people
conducting the experiment. This may also be a result of operator bias.
This method has the additional disadvantage of being laborious and, as such, the
result may vary after a number of samples have been assessed. For this reason, to
improve the results, it may be worthwhile assessing the specimens twice or have
several people assess a subset of the samples and compare the results.
To improve the accuracy of these results there are variations of this method such as
using a low magnification microscope to enlarge the area. This can then be enhanced
further by overlaying a grid and determining how many squares contain part of the
adhesive. This allows for a more reliable value to be determined at the cost of taking
longer per sample.
For this project a large number of failure surfaces have been generated using different
pre-treatment techniques, on both stainless steel and titanium. As the dataset is
very large it was thought best to use a semi-automated system to assess the area
covered by adhesive on both faces of the failed joint which will be discussed in the
next section.
4.1.5 Automated method
4.1.5.1 Introduction
For this large scale testing a system was developed which allowed for the quantification
of the cohesive failure percentage of each joint tested. This was done using a digital
photo of the failure surface which was then processed using a MATLAB script. Each
tested joint is made up of two failure surfaces, each of these failures surfaces is the
subject of a single photo. Therefore, for one value of cohesive failure percentage, two
photos are analysed. To ensure that the correct photos are analysed the samples
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have been photographed in ascending sample order. The photo files are then be
renamed using automated software.
The script follows the following set of operations:
1. determine whether the image is the correct size
2. if not then allow the user to crop three random images to the bonded area
3. use the average coordinates of the cropped area to crop the rest of the images
to the correct size
4. turn the image into a binary image using the function imbinarize
5. count the number of white pixels in the binary image
6. calculate the fractal dimension of the binary image
7. print the results in a table.
This work flow produces a table of data and saves the images of the steps involved
which allows for manual checking to determine if there are any problems with the
output data or processing. This is to reduce the dependence on ‘black box’ type
processes and allow for some transparency.
Using this technique a large set of samples can be analysed, after the photos have been
taken, automatically and reproducibly. There are some pitfalls with this technique
which will be discussed next.
4.1.5.2 Design and implementation of the system
There were several problems to overcome while designing this system. The largest
was the quality of the images used and their resolution. This is dictated by the
hardware used and the area of interest of the image taken. For this project the
camera used was a Panasonic GF6. The lens used was set to a focal length of 40 mm
and further modified using +4 and +2 close up filters which enabled the area of
interest of the image to be over half of the image on the longest edge. This was done
deliberately because using filters on cameras in this way can lead to aberrations
towards the edges of the images which would lead to improper processing of the
images.
A rig was designed to allow for locating the samples in the same position reproducibly.
This was a thick steel plate with holes through it in regular locations, locating pins
were paced in positions which restrained the sample in two directions. This caused
the region of interest to be in the same location for every sample. Some variation
was present, which would lead to inaccuracy in determining the failure surface zone,
but these were generally small and would not introduce any sizeable error into the
measurement.
For many of the surfaces, the contrast between the metal substrate and the adhesive
was not high enough. This is a problem for the routine as the imbinarize MATLAB
function examines each pixel intensity to determine if it should be made black or
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white. This is done using method designed by Otsu (1979), which assesses the
histogram of the image and selects the point most likely to separate the image into
the darker and lighter grey pixels.
On the whole the freshly failed samples did not have enough contrast between the
substrate and the adhesive. This resulted in a large error when the images were
converted into a binary image.
To overcome this situation there were a few solutions explored such as changing
the adhesive to one that was coloured, dyeing the adhesive or using a different
technique. Unfortunately the adhesive had been selected and changing it to one
coloured differently was not possible. Other techniques for the analysis have been
discussed previously and are either labour intensive, inaccurate or very slow. Dyeing
the adhesive is an option and was attempted but with little benefit to the test.
Changing the colour of the adhesive through other means was the most effective
solution. This was done by baking the samples for two hours at 250 °C. This turned
the adhesive from grey to a brown/black colour. This produced enough contrast for
the analysis to be conducted with satisfactory results. Figure 4.8 (a) and (b) shows
a non-grit blasted sample before and after it has been baked, the histograms for for
each sample are shown in (c) and (d) respectively. The histograms show how much
easier it is to differentiate the metal and adhesive in the images. The histogram of
the unbaked sample, (c), only has a single peak which consists of both the metal
and adhesive pixels. Comparing this to the histogram of the baked sample (d) the
splitting of the peak is obvious. The right hand peak has a much lower intensity as
because the sample has relatively little metal visible. The higher the pixel intensity
value the lighter it is. Therefore the peak on the right of the histogram represents
the metal and the left hand peak is the adhesive. The trough between the peaks is
where the Otsu method has determined the binary cut of should be for the imbinarize
function. Figure 4.8 (c) shows the final image after it has been turned into a binary
image. There are some small areas which could be further improved, but for the
purposes of this analysis the result is good. This is the final image on which the
calculations will be based.
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Figure 4.8: A comparison of unbaked and baked failure surfaces (left and right
columns respectively) showing the failure surface, top, the histogram of the image
with the threshold shown by the dotted red line, middle, and the binary image
generated, bottom.
4.1.5.3 Testing the MATLAB routine
In order to test the MATLAB routine a series of image were created consisting of
binary images where white represents metal and black represents adhesive. Eight
testing images were set up, which are shown in Figure 4.9. Each of the images was
100 pixels square.
As these images have been created for this purpose, the percentage of each pixel
type is known. This will also be compared to the routine output.
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Figure 4.9: The eight test images used to test the fractal dimension and cohesive
failure percentage methodology. The frame around each image is to demonstrate the
relative size, and show where white space is, and was not included in the final test
images.
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The results of processing these images are shown in Table 4.2. From these there
are several observations that can be made. The first is that the percentage of the
pixels appears to work well, for the fractal dimension however there appears to be
a varying degree of accuracy. For Test (a) and (b) there is good agreement, this
is understandable as they are simple examples. Test (c), (d) and (e) however have
given a large disparity between the two values, there is no obvious reason for this
and it may be a result of several different reasons.
Firstly the MATLAB routine pads the image to be square and have a side which
is a factor of 10n where n is a whole number. This is done in spite of the fact
that the figures used were already 100 pixels square. Therefore the figure that was
actually analysed is 1000 pixels square which has a large padded region surrounding
the original image. This may be the reason for Test (b) not producing a fractal
dimension of 2.
Furthermore, the manual test was based on a grid that did not go to single pixel
resolution. This is a limitation of the manual method. Just to note, the manual
method required 2 man hours to obtain a result using 3 sizes of grid whereas the
automated method took 15 seconds to acquire the same data over a large number of
grid sizes.
As the minimum grid was limited for the manual method Test (d) and (e) both gave
results that were the same as the full square, Test (b). These results are not entirely
conclusive that the automated methodology is accurate as it appears to be based
on the nature of the image that is used. That being the case however thee result
are repeatable and, in this work, are being treated as supplementary therefore these
results can be deemed satisfactory as a starting point for this type of investigation
but further work is required to progress the measuring of the fractal dimension of
adhesive failure surfaces.
Table 4.2: Results for the test images shown in Figure 4.9
Sample name
Percentage of
black pixels
Fractal
Dimension
Manual fractal
dimension
Test (a) 0.01 0.00 0.00
Test (b) 100 1.91 2.00
Test (c) 50 1.79 1.37
Test (d) 50 1.72 2.00
Test (e) 50 1.72 2.00
Test (f) 75 1.86 1.82
Test (g) 25 1.66 1.52
Test (h) 100 1.91 2.00
4.1.5.4 Verification methods
As this method has been designed in this project there is little to compare the results
to in terms of accuracy and reliability. An initial check can be made by running the
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system on a set of samples several times to ensure that the output is repeatable. It
can also be run by several people to check for operator bias.
As for the results being accurate, the best option to test this is to compare the
results with the other methods, one being the ‘by eye’ and the other to use an SEM
to image the area and investigate the surface at higher magnification. This will also
answer the question about the suitability of this method for the application.
By eye estimate
For this test a set of 10 samples, 5 un-baked and 5 baked, were taken to EURADH 2016
and a set of people present there were asked to estimate the percentage of cohesive
failure for each. The people ranged from well published professors in the field
of adhesives to students and members of industry who supply, use, or research
adhesives.
The results were taken anonymously and the volunteers could not see any previous
results prior to submitting their own estimations. These results were then averaged
to give a set of values for the samples which can then be compared with the output
from the other methods.
Scanning electron microscopy method
The same 10 samples were then also analysed using a scanning electron microscope
(SEM) in backscatter imaging mode. This produces an image using the electrons
that are reflected back from the nucleus of atoms in the surface. The reason for
using this mode is that the contrast of the image is related to the size of the nucleus,
therefore heavier atoms appear brighter that lighter atoms. For this analysis this is
very beneficial as the adhesive is primarily composed of carbon and the substrate is
a mix of iron and chromium, the mass difference is large enough to produce excellent
contrast for the thresholding technique. An image was built up of the entire failure
surface at a magnification of 30x. This generally gave a set of 110-125 images to
cover the 25 x 25 mm2 area which includes both failure surfaces. These were then
stitched together using Microsoft Image Composite Editor (Microsoft, 2016).
This test highlights the issues of using this method, which were outlined in Table
4.1. The acquisition time for each failure surface was in the region of 2 hours. It also
generated a composite image which was 34 megapixels and 300 MB in size for each
sample. Therefore for the 10 lap shear specimens in this analysis the acquisition time
was 20-25 hours and generated ≈6 GB of images which needed to be processed.
One sample was also selected to be captured at a higher magnification of 100x. This
was to see if there was any change in area calculated at higher magnification. This
image consisted of 2400 SEM images stitched together, took in the region of 13
hours to acquire and the final image was 2.2 gigapixels with a filesize of 8.5 GB. This
method of analysis is unfeasible for the entire sample set as the files sizes are so
large. This single sample took several hours to process using the MATLAB routine
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developed in this work, this is opposed to 7-8 seconds for the photos of 8-9 minutes
for the lower magnification SEM images.
Results of verification experiment
The results of the initial testing using the different techniques has been conducted
and are shown in Table 4.3. For this test different samples were used for the expert
analysis and the MATLAB routine. This is for two reasons, the first is that the
expert samples were a mixture of baked and un-baked. It is already known that
the MATLAB routine does not perform well on un-baked samples so this would
not be a fair test of the system. The other reason for using different samples is
that the SEM imaging was conducted first and to do this the samples had to be
gold coated which disrupted the contrast further and therefore would give erroneous
results when analysed using the MATLAB routine. While this means that the
actual cohesive failure results can’t be compared, the standard deviations can be,
the samples analysed by MATLAB were all baked and were half grit blasted and
half un-grit blasted.
The SEM data in the table is from the same samples as the expert estimations.
There is, however, no standard deviation as the analysis could only be conducted a
single time.
These results are rather revealing for the process. The first observation is the
difference in standard deviations between the expert analysis and the MATLAB
routine. The MATLAB routine, although used by people inexperienced in the field
of adhesives and with little explanation, provided results that were repeatable. This
is a good sign, as it implies that there could be reliable comparison between different
studies conducted by different people with any operator bias removed from the
process. The SEM images that were analysed are included in Appendix B. The
results of the expert estimations and the SEM are always significantly different, apart
from sample 3.
These data show that the MATLAB routine can produce repeatable results, this will
be used extensively throughout this work for both stainless steel and titanium.
4.2 Development of the control system
4.2.1 Objectives of Control System
As mentioned previously, both mass flow controllers for the primary and secondary
inlet to the plasma system have an analogue input which allows for the flow rate to
be set. This, along with an in line humidity sensor enabled the design and build of
a control system. The control system has been designed to enable the user of the
PlasmaTact to easily change the operating conditions of the plasma without having
to manually change the settings as this can be a slow process and, in the case of the
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main flow meter, potentially inaccurate because of the high sensitivity of the dial on
the PlasmaTact itself.
The design goal is to have two running modes, the first is to have a fully manual
mode in which the user dictates both of the mass flow rates. This is for the use with
dual gas plasma. The second mode is for the user to set a desired humidity and
maximum mass flow rate and the control software sets the MFCs according to the
humidity sensor.
For the system to be considered a success it should be easy to set the flow rates
and achieve the desired humidity more quickly than manually setting the mass flow
controller (MFC) units. The speed of this system is dependent on several factors,
the hardware used and the phenomena measured. For this, the humidity sensor is
only capable of running at 0.5 Hz. This is not a problem, however, as the humidity
in the system will change over time scales of 5-7 seconds.
4.2.2 Hardware
The control system has been built using a Raspberry Pi V3 as the main controller.
This is an inexpensive micro computer running Linux. The reason for its selection
is that it is a versatile computer and has several general purpose input/output
(GPIO) pins. It also has a well maintained repository of code which can be used and
modified.
During development the system was designed on prototype boards known as ‘bread-
boards’, enabling the repositioning of components to troubleshoot the system or
expand it if necessary. This is enclosed in a plastic box to ensure that the the
circuit and Raspberry Pi can’t be damaged when in operation. The user interface is
primarily a touch screen which is mounted on the enclosure.
Table 4.3: Results showing cohesive failure percentage across 10 samples using
different methods of estimation
Extent of cohesive failure (%)
Sample
System
average
System SD
Expert
average
Expert
SD
SEM image
system (35×)
1 8.7 1.2 47.9 43.0 37.7
2 7.8 1.4 56.3 37.8 49.3
3 15.8 0.8 21.7 22.4 21.8
4 32.6 0.4 20.0 29.4 3.6
5 8.8 1.4 55.8 36.8 17.6
6 8.0 1.3 27.5 30.4 47.1
7 6.8 0.9 25.8 33.2 3.9
8 21.9 3.0 26.0 29.5 30.7
9 31.1 0.5 27.1 29.9 41.1
10 12.1 2.5 21.7 28.2 43.5
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The humidity sensor is a Sensiron SHT75, a high accuracy and a small form factor
sensor that works on a serial data transfer protocol which uses a pre-built library
of code to interrogate the sensor. This makes it relatively easy to implement and
the code for interrogating the sensor can be called by a routine. When interrogated
by the system the sensor returns the temperature and humidity. These can then be
used in calculations or recorded in a log file.
The GPIO pins on the Raspberry Pi are digital. This is a problem when an analogue
voltage is required to control the MFCs. To overcome this, a digital to analogue
converter (DAC) is required to convert the value calculated by the system into the
control signal. For this, a Microchip MCP4911 DAC was used as it has the output
range to cover 0-5 V at a resolution of up to 10-bits. This enables the controlling
of the voltage to 0.005 V over the entire range which is in line with the resolution
of the MFCs. These chips are controlled by the serial peripheral interface (SPI) of
which there are two on the Raspberry Pi. Using this method of control, however,
can easily be expanded as each chip has a chip select function which allows only that
chip to be controlled on a common data bus. This would allow several more chips to
be added at a later date if required.
The final hardware required for this project was a NVE corporation IL711-2. This is
a DC-DC converter and is used to level the ground states between the Raspberry
Pi control circuit and the MFC in the PlasmaTact. Initial trials showed that the
system was operational but there was a grounding issue which caused the output to
be 0.4 l min-1 under the set value. Including these chips reduced that error to zero.
A block diagram of the control system is shown in Figure 4.10.
4.2.3 Software
The humidity mode requires feedback from the humidity sensor and then for the
system to react. For this a simple proportional control system has been implemented
which uses the following algorithm:
Figure 4.10: Block diagram of the control system for the PlasmaTact
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ψmes − ψset = ∆ψ
∆ψ
5
= n
MFC1 = MFC1 + (n× 0.2)
MFC2 = MFC2− (n× 0.2)
Where ψmes and ψset are the actual and set-point humidity and MFC1 and MFC2
are the flow rate set on the dry and humid MFC units respectively.
For example, if the set-point is 15% below the actual humidity then the primary
mass flow controller, MFC1, will be decreased by 0.6 l min-1 and the secondary mass
flow controller will be increased by 0.6 l min-1. This action maintains the total flow
rate at 8 l min-1 and the mixed gas flow will increase in humidity. This will then
reduce ∆ψ.
This routine is a simple and can be prone to run away if the humidity is read too
quickly. To prevent this there are two waiting modes, the first is for if ∆ψ is above
5% where the system will wait 10 seconds before reading the sensor again and the
second for if ∆ψ is below 5% when the reading frequency is 0.5 Hz, This allows for
any large changes to be enacted and reduces the risk of runaway. An additional error
check has been included which prevents the output going outside allowable values by
the system or below 0V which is not possible.
As the Raspberry Pi operates on Linux it is logical that Python is used to implement
this routine. Python is a high level language that can handle the GPIO pins easily
for this project. This is a very common language and, as a result there are a plethora
of tutorials, examples and assistance online. The graphical user interface used for
this project can be seen in Figure 4.11 which show the inputs that the user can make.
In addition to this, the system logs the humidity and temperature of the inlet gas
for reference.
Figure 4.11: Graphical user interface of the control system
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4.2.4 Results
To ensure that this system is operational the humidity has been checked against a
calibrated hygrometer and was shown to be within 2 %RH which is an acceptable
error. Further to this the system has been designed to log the humidity over time
and a plot of this log has been included in Figure 4.12.
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Figure 4.12: The humidity plot when the system is moving from 10 to 20%RH
humidity
The humidity log shows that the system overshoots when setting the humidity, this
can be expected for the system. The time from setting the new humidity to the
system stabilising is 120-130 seconds, which is faster than performing the same
adjustment by hand.
4.3 Summary
The previous chapter and this one have detailed the methods used in this work
both the standard analytical techniques and the techniques devised and developed
during the course of the investigations. The general reason for the selection of the
standard experimental methods, described in the previous chapter, are that they
are each provide useful information concerning the plasma and the effect it has
on metal substrates. Furthermore, there is a small amount of overlap between the
surface chemistry methods, XPS and ToF-SIMS, which can be useful in providing
reassurance of the data collected.
The methods developed do not provide any critical information about the plasma
treatment itself but does introduce analysis for the wider industrial and scientific
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community. For example the extended failure surface analysis conducted introduces a
new methodology, and compares it against the established method. This is beneficial
for further potential investigators.
Before to the main experimental work commenced a short preliminary study was
undertaken using plasma equipment capable of a single argon plasma plume, a
pre-cursor to the one used in the rest of this work. This was to ascertain whether it
was feasible that plasma can affect the surface in a positive manner for this project
and to determine which metals were best for analysis.
This study covered surface free energy and some limited tensile lap joint tests. The
results will not be included in this thesis as they were only used to determine the
efficacy of plasma treatment on different metals. The main results from this study
were that stainless steel produced the largest difference from pre to post treatment
followed by titanium and finally aluminium.
With the arrival of the new equipment with the ability for dual gas flow the first
investigation undertaken was to analyse the plasma plume. This was to see if there
were any discernible differences between different plasma gas combinations for the
PlasmaTact. The analyses included optical emission spectroscopy and molecular
beam mass spectrometry. This is covered in the next chapter.
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Analysis of the plasma plume
5.1 Introduction
As the PlasmaTact has not been the focus of any investigations, and any that have
been done have only used a single gas flow. The first area that is going to be
investigated in this work is what changes occur in the plasma as a result of changing
the inlet gas combinations.
As plasma in general is so widely used and there is an abundance of literature
surrounding the subject, one would assume that the same would apply to CAP.
Unfortunately, this is a not the case. The literature focussed on CAP is in two
main areas: characterisation of the plasma jet, and applications. The former deals
with properties such as electron temperature, gas temperature and particle densities
in the plasma flow, from either an experimental viewpoint or a simulation and
computer based modelling approach. The latter investigates the effect that CAP has
on a substrate or a combination of substrates, such as the work presented in this
thesis.
To date there has been little work which spans both areas of observation. This may
be because of the disparity of the techniques being used and the multi-disciplinary
nature of a full analysis. Therefore there may be some synergy by using techniques
such as optical emission spectroscopy and X-ray photoelectron spectroscopy or ToF-
SIMS to see if any of the active species present in the plasma are present on the
surface post-treatment. The individual data does exist but there is seldom any
comparison between them using similar plasma sources or conditions.
The following section will give an overview of the literature in these areas and the
effects that they have on the plasma treatment of metals.
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5.2 Literature
There are several parameters that can be measured in a plasma, these have been
mentioned previously in the §2.4.2 and are the:
1. electron temperature,
2. macroscopic gas temperature, and
3. ion and electron density.
The electron temperature is a value for the amount of energy which the electrons in a
plasma contain. While a single value is generally given for the electron temperature
in a plasma, it should be understood that this is actually the mean value and that
the electron energy is a Boltzmann distribution around this value. It is measured
in Kelvin (K) but also given in terms of electron volts (eV), 1eV = 11.6 × 104 °K.
Generally the electrons will not escape the chamber of the plasma torch used as they
are too quickly influenced by the alternating electric field. They will still play an
important role, colliding with and ionising ground state atoms and molecules. An
increase in electron temperature will cause an increase in ion temperature which will
have an effect on the treatment conducted in this work as the ions are able to exit
the plasma chamber through the nozzle.
Inomata et al. (1994) have investigated the electron temperature of an atmospheric
plasma using a Langmuir probe. This gave a result of 1.9 eV (≈22,000 K) which
is a large amount of energy for the electrons to possess in a gas at atmospheric
temperature. The application in the literature was to break benzene rings which
then form into more complex molecules, some of which were Buckminster Fullerenes.
While this is a different use for the plasma the interesting aspect of hydrocarbon
chain scission may be of importance, this has been a point of speculation in other
papers on the use use of plasma for cleaning surfaces. However, the benzene was
present in the region surrounding the antenna and therefore would be exposed to
high energy electrons. The surfaces in this current work are well downstream of this
region and so this would not be the mechanism working to remove the hydrocarbons
from the surface.
The bulk plasma plume temperature is an interesting aspect of the plasma to consider.
This is several orders of magnitude cooler than the electron temperature for CAP
despite having high temperature atoms and molecules, these are a small percentage
of the bulk composition of the plasma plume. This is, in part, what makes plasmas
such a complex and interesting phenomena. The gas temperature of a CAP jet has
been recorded to be in the region of 45 - 75°C which is many times smaller than
the electron temperature discussed earlier. This is because for the mixture of the
molecules in the gas flow, a large portion will not have been ionised and will pass
through the plasma as unexcited atoms or molecules. The small percentage which
do get ionised and lose electrons will have a large amount of energy imparted on
them but, due to the size difference compared to the electrons, will not heat up as
much. This property of a CAP jet is an important one to consider as it has enabled
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the development of treatments to be performed on living tissue and heat sensitive
items such as strawberries and bio films. (Seo et al., 2010, Cheng et al., 2014)
Finally, the ion and electron density are of interest to researchers as the rate of
reaction is directly related to these properties. Kiyokawa et al. (1999) measured the
electron density for an argon/hydrogen plasma and found that the electron density
and temperature increased with an increase in input power. This is a result of the
gas being able to absorb the additional energy. Although there would be a maximum
for a given flow rate, it appears that this is being reached in the published work
at 400 W input power and a flow rate of 600 ml min-1. This work was carried out
using a microwave system similar to the PlasmaTact used in the current work. This
implies that the equipment in this work is unlikely to saturate the working gas flow
as the maximum power is 15 W and the working gas flow is 8 l min-1.
The ion density is not covered much in terms of experimental results in their work,
this may be as a result of the difficulty of measuring it accurately. Gaens and
Bogaerts (2013) modelled the formation of a series of gaseous species in the afterglow
of a CAP jet which is produced by humid argon, the modelled system is similar to
the PlasmaTact used in this work. This shows two things, firstly they predict is a
large number of excited species up to, and beyond, 10 mm from the torch-end which
gives an indication to the working distance which may be possible for the current
project and secondly it is evident that the plasma region is an exceedingly complex
flow with many different processes occurring at the same time (Gaens and Bogaerts,
2013). The introduction of the air fraction as a function of distance from the torch
nozzle is interesting as the plasma flow would be highly turbulent and therefore there
would be a very high rate of mixing of the energy and species in the flow, this would
include air into the plasma plume as well.
The modelling work by Gaens and Bogaerts (2013) appears to be contradictory to
that of the design engineers who built the PlasmaTact, in that they do not expect
any electrons to escape the torch itself. The modelled plasma originates from a silica
tube though, rather than a grounded steel nozzle. This may influence the electrons
enough to confine them to the nozzle head. Furthermore the simulated results do not
state if they are primary or secondary electrons There may well be electrons outside
the nozzle of the PlasmaTact but these would be from ion interactions producing
secondary electrons and not a result of the electric field inside the nozzle head
itself.
5.3 Equipment
Molecular beam mass spectrometry
In this work a Hiden Analytical HPR-60 molecular beam mass spectrometer was used
to analysis the gas plume. The plasma torch was set up to be facing towards the 100
µm diameter orifice on a block that could be moved relative to the instrument orifice.
This is shown in Figure 5.1. For this work only positive spectra were acquired, this
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Figure 5.1: Plasma torch during an analytical run showing the set up of the torch
relative to the MBMS orifice which is at the centre of the metal disc
was on the advice of the equipment operator. The reason for this is that the negative
spectra does not generally have a high enough intensity to produce satisfactory
results. The instrument itself operates by using several, differentially pumped, stages
with ‘skimmers’ in between, these reduce the operating pressure from ambient, at
the orifice plate that the plasma torch is pointing at, to 4.13−7 mbar. The stream of
ions are then admitted into a quadrupole analyser which, in turn, outputs the mass
of the ions. A more in-depth description of the operation of the system is available
from several sources including Beck et al. (2009).
The reason for using molecular beam mass spectrometry (MBMS) is two fold, the
first to give some information about the plasma using several different inlet gas
combinations, this can give an indication about the efficacy of the surface treatment.
Additionally, the plasma torch can be moved relative to the instrument inlet orifice,
information can be recorded for different stand-off distances. The second reason
for using this technique is to investigate the interaction of the atmosphere on the
plasma torch and on the subsequent treatment. To do this the plasma was doped
with D2O and the spectra recorded which is presented in this section. Following this
a stainless steel sample was treated with a plasma of the same composition and the
surface analysed using ToF-SIMS which can, in theory, detect the difference between
the D2O and any H2O from the atmosphere. The second part of this experiment will
be presented and discussed in §6.3.6.2.
Optical emission spectroscopy
For the optical emission spectroscopy (OES) analysis the plasma torch was mounted
in a similar fashion to the MBMS work. The MBMS orifice was replaced with a
fibre optic cable which was connected to the OES analyser. The analyser works by
acquiring several narrow bandwidth spectra and then stitching them together. The
spectrometer used in this analysis had some dead pixels at one end of the analysis
range. This resulted in the regular noise in the spectrum which has been labelled in
Figure 5.5. This has not affected the information in each of the spectra as the noise
occurs at regular intervals which do not coincide with any peaks of interest.
The instrument used in this work was a Princeton Instruments system. Capable
of a minimum resolution of 0.1 nm. The light was admitted into the system via a
fibre optic cable which was aligned with the central axis of the plasma plume. The
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spectra were acquired of the wavelength range of 100 to 900 nm which covers the
visible range of electro-magnetic radiation. The light is the split into the constituent
wavelengths and a mirror passes it across a CCD sensor which records the intensity
of each wavelength.
5.4 Results
5.4.1 Determination of the bulk plasma plume gas temper-
ature
The plasma gas temperature was measured using a thermocouple connected to a data
logging system set to measure the temperature at 4 Hz. While the temperature was
being logged the plasma torch was ignited at the maximum stand off distance of 55 mm
and then moved vertically downwards towards the thermocouple at 500 mm min-1
using the XYZ stage, it was then left for 7 seconds and then moved away from
the torch at the same rate it was moved towards the thermocouple. When the
torch was at the top of the travel it was then turned off and the logging stopped.
This was carried out for different flow rates to investigate if there was a change in
temperature.
Figure 5.2 shows a plot for the data acquired when the flow rate was 8 l min-1, with
the movement points labelled.
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Figure 5.2: Gas temperature for 8 l min-1 of argon as the plasma torch moved
towards the thermocouple with the major experimental points annotated
Figure 5.2 indicates maximum temperature is ≈ 70°C when the thermocouple is close
to the torch nozzle. This is not realistic for treating materials in practice, but small
stand off distances would be achievable so the region of elevated temperature should
be considered. For metals, 70°C will not be an issue for the treatments described
here.
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The increase in temperature when the torch begins to move away from the ther-
mocouple at 25 seconds is an interesting result. This implies that the maximum
temperature is not coincident with the plasma torch nozzle. This may be a result of
the interaction between mixing gas from the atmosphere being ionised in collisions
with the ions in the plasma. From the literature studied it was found that introducing
nitrogen into a plasma inlet increases temperature considerably, this may be a similar
effect, but in the effluent compared to the inlet. This gives another indication that
injecting plasma into a modified atmosphere may produce a unique chemistry at the
surface.
Using the same method the temperature was eivedrecorded for several flow rates,
these are shown in Figure 5.3. The temperature of the plasma reduces with an
increase in gas flow. This reduction is a result of the additional gas flow acting to
cool the plasma plume potentially by distributing the energy across more atoms and
molecules. As the inlet power is fixed if there are more atoms passing through the
ionisation region, at a faster velocity, the average energy increase per atom would be
low compared to a lower gas flow rate. For metals this is not an important result,
as the maximum temperature is well below that which can affect stainless steel or
titanium adversely but if this work were to expand into heat sensitive materials the
minimum gas flow rates would have to be limited accordingly.
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Figure 5.3: Gas temperature as the plasma torch moved towards the thermocouple,
at 0 mm the thermocouple and nozzle were coincident
If the benefit of the increasing the gas flow is cooling the plasma plume without
increasing the number of active species in the plume it would indicate that the
same amount of treatment can be achieved with less gas, therefore reducing the
consumables for the plasma treatment and lessening the environmental impact of the
CAP process, this aspect of the process is discussed further in Chapter 8. These data
shows that there is a considerable range of temperatures at the treatment distance
based on the gas flow rate. The substantial increase from 2 to 1 l min-1 is currently
unexplained, this may be because there is a higher ionisation ratio at the lower flow
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rate. For this reason there is a driver for understanding both the ionised and neutral
species in the plasma stream. This is the focus of the next two sections.
As all of the mechanical test specimens were treated using a stand-off distance at
5 mm. It was decided that the temperature for each flow rate should be measured at
this distance. The torch was set up and ignited, the temperature was then allowed
to stabilise over the course of 30 s and then recorded. The results for three different
inlet gas combinations are shown in Figure 5.4.
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Figure 5.4: Gas temperature as a function of flow rate at 5 mm stand off distance
These data show the difference in gas temperature for the three different plasma gas
combinations. The argon/air plasma is not stable under 4 l min-1 which is why it
has been omitted under that level. Interestingly at this stand off distance 2 l min-1
produced the hottest gas temperature for any plasma this is in contrast to the
previous data presented in Figure 5.3.
The large reduction in plume temperature recorded for 1 l min-1 of helium was
unexpected and the reason for it is not known. There are no references to it in
literature. One possible reason is the low density of helium. At 1 l min-1 the exit
velocity of the helium may be low enough that its buoyancy in air will retard its
velocity over 5 mm reducing the impact of the plasma. To investigate this hypothesis
a further test would be required whereby the plasma torch is inverted and the
thermocouple is placed 5 mm above it. For the current work this was not deemed
necessary as the part being treated was always below the torch, if the system were
to be introduced into industry, additional studies would need to be performed
to ensure that torch/substrate orientation does not adversely affect the degree of
treatment.
While it is beneficial to understand the temperature profile of the plasma plume
for treatment, the overall temperature experienced by the substrate is not high
enough to cause any thermal effects to be dominant. It is likely that the energetic
molecules are the the dominant factor for any increase in bond strength. For this
reason there is benefit in analysing the plasma to try and determine which ionised
species are present for different gas combination inputs. This has been done using
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optical emission spectroscopy and molecular beam mass spectrometry, the results of
which are presented in the next two sections.
5.4.2 Optical emission spectroscopy (OES)
Optical emission spectra were obtained for a range of different gas parameters
including gas flow rates and gas mixtures. OES spectra were used primarily as a test
to see if there were any significant differences in the plasma generated by different
gas inlet combinations.
The spectra acquired in this work are intended to be used for a qualitative comparison
between the different plasma combinations with a view to determine what the main
differences in terms of the plasma composition for different gas combinations. This
is primarily to try and determine if there are any critical peaks that are of interest
that could be monitored and used in a quality assurance routine. Figure 5.5 is a
comparison of OES spectra for different argon flow rates. Figure 5.6 shows the
relative intensities of the significant peaks in the spectra.
The overall spectra for differing flow rates of argon show that there is not much
difference in the spectra of the plasma when changing the flow rate. There is a small
increase in the the peak intensities when the flow rate is lower, this is mirrored in
Figure 5.6. This is most likely a result of the plasma having a higher ionisation ratio,
meaning that there are more transitions and therefore the OES spectra are slightly
more intense.
The lack of oxygen and nitrogen peaks in the spectra can be expected as the plasma
is not being doped with oxygen or nitrogen and the OES fibre optical sensor is
pointing along the axis of the antenna so the majority of the spectra collected is
directly from the ionising region surrounding the antenna itself. It is expected that
there is some ionised oxygen and nitrogen external to the nozzle, this is caused by the
atmosphere mixing with the plasma and becoming ionised itself. This will be a very
small percentage of the overall optical output however and so cannot be detected
using this equipment.
To ensure that the plasma is changing based on the inlet gases several combinations
were analysed with OES the results of two other gas combinations are shown in
Figures 5.7 and 5.8.
These spectra demonstrate that there is a significant difference in the plasma compo-
sition when the inlet gas is doped with humid argon or air. The air plasma has a
large portion of nitrogen peaks present, this is obviously from the dopant air The
increase in the OH peak at 309 nm is likely also from this dopant air. As the air is
from a compressor in the lab in which the ambient humidity was 50%RH for the
course of the experiment.
The increased humidity at the gas inlet also drastically affects the plasma generated.
There is a large increase in the OH peak, accompanied by a significant increase in
the H peak at 670 nm. This increase, however, appears to be to the detriment of the
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Figure 5.5: OES spectra for different argon flow rates, 5 mm stand off
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Figure 5.7: OES spectra of argon/air (0.2 l min-1 air), total gas flow rate 8 l min-1,
5 mm stand off
argon lines which would imply that the plasma is quenched by the oxygen ions in
the plume. This is another instance where a fine balance may have to be maintained
between functional plasma and a high enough ionisation ratio to maintain a stable
plasma.
An issue with the data collected in this study is that the fibre optic sensor was
pointing along the longitudinal axis of the antenna of the nozzle. This means that
the species detected will be in the ionisation region in the torch chamber. These
species may be short lived and not escape the nozzle. This is a potential explanation
for the greatly increased OH peaks measured in this project compared to previous
works by other researchers who performed a similar set of experiments using silica
tubes as the working nozzles. This may mean that the OES spectra obtained during
this project are not representative of the species in the plasma outside of the nozzle.
To gain further insight into the constituents of the plasma plume at the treated
distance molecular beam mass spectrometry was carried out which will be discussed
next.
5.4.3 Molecular beam mass spectrometry (MBMS)
5.4.3.1 Introduction
This section focusses on the analysis of the plasma plume with MBMS. This work
was split into three packages: the first is to determine the composition of the plasma
and try to plot how it varies over its length. The second investigated the role of inlet
gas mixture on the resulting plasma. The third phase of the analysis investigated the
mixing of the atmosphere and plasma. This was done in conjunction with the data
presented in §6.3.6.2. The aim is to begin to understand how much the atmosphere
surrounding the plasma plume impacts the final treatment of the surface.
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Figure 5.8: OES spectra of humid argon, 5 mm stand off, 8 l min-1
5.4.3.2 Spatial MBMS of the plasma plume
Figure 5.9 shows the MBMS spectra for three stand-off distances for a pure argon
plasma. It is clear from these spectra that the intensity of the spectra, and therefore
the number of ionised species in the plasma reduce significantly with increasing
distance from the plasma torch. A draw back of this comparison the difference in
peak intensity, the 3 mm spectrum is much more intense compared to the other two
in the graph. To reduce this the 5 mm data has been multiplied by 5 and the 10 mm
data by 10.
At 3 mm there is a high level of NO+ present in the plasma. This would indicate
that there is a large degree of air already mixed into the plasma. This also reduces
drastically when the torch was moved to 5 mm from the analyser. This is under-
standable as the ions will be colliding with neutrals and each other and eventually
reaching an unexcited state.
The repeating peaks throughout the spectra are water clusters. These will be
discussed more thoroughly later on in §5.4.3.4.
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Figure 5.9: Mass spectra of a pure argon plasma at different stand off distances from
the plasma torch nozzle
5.4.3.3 MBMS of different inlet gas mixtures
The second phase of testing was to vary the inlet gas mixture and acquire a spectra for
each combination. Figure 5.10 shows the spectra obtained using an argon/air plasma.
The intensity of the spectra is dependant on the level of air used, at 0.2 l min-1 of air
the spectra intensity is increased to bove that of the pure argon. At 0.4 l min-1 of air
the spectra is reduced to below that of pure argon. The NO peak is also considerably
higher when the air dopant is 0.2 l min-1 but reduces, along with the intensity of
the entire spectrum, to below that of the pure argon when the air is increased to
0.4 l min-1.
One explanation for the large reduction in ion intensity when argon is doped with
air is that the oxygen and nitrogen act to ‘mop up’ some of the free electrons in
the plasma. As oxygen is high on the electronegativity scale and nitrogen is slightly
lower these will have an increased effect when ionised. This would reduce the number
of ionised electrons available to collide with neutral atoms and molecules and further
ionise the gas.
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Figure 5.10: Mass spectra of a argon plasma with varying amounts of air as a
dopant. 5 mm stand off distance, 8 l min-1 total gas flow
This has been observed both by Machala et al. (2007) and Hnilica et al. (2014). This
is an interesting finding as it provides an area where the process can be optimised.
A reduction in ionisation degree will mean there are fewer active species reaching
the surface, however, by doping the plasma with air, oxygen or nitrogen there are
more preferable species in the plasma, there may be an ideal mixture whereby the
preferential species are maximised at the treatment distance.
The first two phases of the plasma analysis are relatively simple in their scope and
do demonstrate that there is a large difference in terms of plasma intensity and
chemistry. This is beneficial for this work as it demonstrates that there may be a
singular inlet gas mixture that increases certain areas of the plasma which are critical
to the enhancement of adhesive bonding.
The data in Figures 5.9 and 5.10 show the regular groups of peaks that are associated
with water clusters which form in the plasma plume. These are well documented (Oh
et al., 2011). The final section of the MBMS analysis focusses on the water clusters
as a way to track the changes at the surface.
5.4.3.4 Humid gas plasma
The final aim for the MBMS analysis of the plasma plume is to investigate the
impact of the environment on the plasma itself. This was measured by doping the
plasma inlet gas with a known humidity and acquiring a spectrum before changing
the dopant from H2O to D2O. The assumption with this analysis then is that any
H2O detected in the D2O plasma is from the atmosphere or from the very small
amount of humidity in the gas cylinder. Between the two dopants being used the
gas lines were purged with pure helium to try to reduce any adsorbed H2O being
picked up and causing an erroneous result.
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The first set of these two spectra is shown in Figure 5.11. The spectra in §5.4.3.3
were obtained using an argon so do not allow for a true comparison to the spectra in
this section.However, there is still a large increase in intensity of the water peaks
when the inlet is made humid. This is an self explanatory result as there is now
more water present in the plasma compared to previously.
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Figure 5.11: Mass spectrum of a H2O humid helium plasma
The general equation for the water groups detected is:
H+(H2O)n (5.1)
This accounts for the groups of peaks in Figures 5.9, 5.10 and 5.11. Table 5.1 shows
the masses for each of the groups for n = 1,2,...9.
These groups of peaks can be seen in both humid and non humid gas flows which
implies there is already some mixing from the atmosphere. This work has a further
question however. If there are any of these species deposited on a metal surface
during treatment, which source is more prominent. The mixed atmospheric humidity
or the plasma gas inlet humidity?
Table 5.1: Water cluster masses for different values of n in Equation 5.1
n 1 2 3 4 5 6 7 8 9
Mass (m/z) 19 37 55 73 91 109 127 145 163
When the humidity is changed to D2O there is a distinct change in the spectrum
obtained as seen in Figure 5.12.
The spectrum in Figure 5.12 is more complicated than that for H2O humid plasma.
The groups of peaks present at regular intervals are at the same masses expected for
H2O humid plasma outlined in Table 5.1. There are extra peaks surrounding the
water peaks in the spectrum which can be explained by the presence of D2O in the
plasma. To further investigate this Figure 5.13 shows an expanded between m/z = 50
and m/z = 65 u spectrum of the data in Figure 5.12.
74
CHAPTER 5. ANALYSIS OF THE PLASMA PLUME
20 40 60 80 100 120 140 160 180 200
0
0.5
1
1.5
·104
N
O
+
O
2
+ H
+
(H
2
O
) 2
H
+
(H
2
O
) 3
H
+
(H
2
O
) 4
H
+
(H
2
O
) 5
H
+
(H
2
O
) 6
H
+
(H
2
O
) 7
H
+
(H
2
O
) 8
Mass (u)
In
te
n
si
ty
(C
o
u
n
ts
)
26% humidity D2O
Figure 5.12: Mass spectrum of a D2O humid helium plasma
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Figure 5.13: Mass spectrum of a D2O humid helium plasma restricted to 55 and 65 u
The group of peaks can be more clearly identified, the most likely explanation for
this grouping is that there is a combination of H2O and D2O which leads to:
H+(H2O)n(D2O)m
D+(H2O)n(D2O)m
(5.2)
This pair of equations identifies several more peaks within the mass range of Fig-
ure 5.13. In Figure 5.13 the peaks have been labelled and the incremental nature of n
and m can be seen with alternating D+ and H+. This pattern continues throughout
the entire spectrum and conforms to the set of chemical Equations 5.2.
The reason for these groups of peaks is the inclusion of the D2O into the plasma.
When the plasma was only doped with H2O this would mix with any humidity in
the atmosphere and generate the water clusters. When D2O is used this mixes with
the atmospheric humidity and generates a combination of clusters that are a mixture
of the humidity in the plasma plume and atmospheric humidity.
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These spectra demonstrate that there is some interaction between the atmosphere
and the plasma plume itself, they also suggests that the humidity in the atmosphere
could also play a role in the treatment of the surface. The fact that there is both H2O
and D2O present at the treatment distance of 5 mm means that both will have an
impact on the degree of treatment. For this reason, if CAP were to be implemented
into an industrial process, and a humid gas flow is the desired result, it may be
required to have a control system which monitors the ambient humidity and modifies
the humidity over the course of the treatment because, as Figure 5.11 shows, an
increase in humidity causes a dramatic reduction in plasma intensity at the treatment
range.
This finding also indicates that it may be possible to use a pure gas plasma into
a modified atmosphere to achieve a certain chemistry as the surface of a treated
material. This would require some modifications to the equipment used in this project
and is therefore not viable to investigate. There is the additional consideration of the
plasma propagation mechanics. Inside the torch, the plasma is primarily generated
through electron/neutral collisions. Outside the plasma torch the electron density is
much lower which would mean the primary method of plasma generation would be
reliant on ion/ion collisions which are much less frequent. This may mean that a
modified atmosphere plasma may be a less efficient system than doping the plasma
itself.
Both the OES and the MBMS used in this section have given insights into the plasma
and how it can be manipulated. Of these, the OES could be used in future in a
real-time monitoring system as the optical spectrum can be acquired remotely, as
opposed to the MBMS which requires large pieces of equipment and to extract a
stream of ions from the plasma, during the treatment of metals. A further parameter
which could be used is the torch/substrate potential which is the topic of the next
section.
5.4.4 Torch - substrate potential
5.4.4.1 Introduction
As previously mentioned the detection of ions in real-time during the treatment
would be beneficial for the purposes of quality assurance and process monitoring.
The free electrons and ions generated in the plasma act as charge carriers in the
plume and can therefore a potential exists between the torch head and the substrate
which can be measured. Inside the plasma torch itself both of these exist and are
free to collide and propagate the plasma through the gas phase. Because the mass
difference between the electrons and ions is so large, however, the ions are the only
particles that are able to escape the electric field surrounding the antenna and exit
the ionisation chamber. For this reason there are no primary electrons outside of the
torch in the plasma plume.
The torch - substrate potential is related to several treatment parameters such
as; the ionisation ratio and the stand-ff distance of the plasma. The higher the
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Figure 5.14: Substrate/plasma torch potential as a function of stand-off distance for
different plasma gas combinations, average of 3 readings
measured potential the more ions are striking the surface. Therefore if the ionisation
ratio is increased, resulting in more ions in the plasma, the potential would also
increase.
Assuming that the ratio of ions to electrons is large enough and that the effect of
electron interactions with the surface is minimal the potential difference between the
substrate and the plasma torch can be measured and would be representative of the
number of ions reaching the surface over time.
A preliminary investigation was undertaken into this. If there is a reliable method of
measuring the potential this could be included in a monitoring system which could
include several other measurements also made during this project.
5.4.4.2 Results
The results for the substrate/torch potential difference are shown in Figure 5.14
when the height is varied for different plasma combinations.
These results demonstrate some stark differences between the different plasma combi-
nations available in this work. Firstly, there is a reasonable spread in the maximum
voltage measured during the analysis across the different inlet gas combinations.
The OES and MBMS has shown that this will also alter the plasma chemistry,
therefore the potential is characteristic for a known plasma chemistry and distance,
any deviation from this potential that is measured could indicate a deviation in
either gas flow rates or stand-off distance. The positive potential indicates that there
are more ions in the argon/air and helium plasma than there are in the pure argon
plasma.
The increase recorded in the argon/air and helium plasma from 0 to 1 mm stand-off
distance is an unexpected finding. This may be a result of secondary electrons being
present in the plasma plume outside the nozzle, the electrons do not penetrate far
into the atmosphere from the nozzle face however and the treatment in this work
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has been conducted at a distance of 5 mm so this is not going to affect the CAP
treatments conducted in this work.
This final observation may be important for the treatment process however, as an
electron rich plasma may be able to break the hydrocarbon bonds present in the
contamination and therefore clean the surface of organic contaminants at a faster
rate. This has potential in a two torch set up to increase the rate of treatment, which
is vital to maintain an environmentally efficient process.
Another observation is the fact that after 4 mm stand off distance all of the potentials
decrease in a similar fashion implies that there is some predictability and that this
could be used to monitor the stand off distance with some accuracy. This will be
discussed in more detail in the next section.
5.4.5 Discussion
The qualitative analysis of the plasma itself, has clarified some interesting aspects of
the plasma plume and the Ad-Tec plasma system in particular.
Firstly the temperature of the plasma jet, it is good to confirm that the treatment
temperature is well below that which can affect metals adversely. Having the stand
off distance temperature curves would assist in the planning of treating heat sensitive
materials such as thermoplastic polymers. Although not directly relevant to the
current research, there may be the potential to treat the metal and adhesive prior to
the two being brought together. It is not currently known if this would have any
benefit to the joint strength but there would be the potential to remove only surface
segregating additives that may make a film adhesive more pliable but hinder the
ultimate strength. Another potential process would be to deposit a primer using a
doped plasma plume. Therefore knowing the temperature profile would be important
to try and reduce thermal degradation of the primer. This is already possible with
certain plasma torches using simple polymers such as acrylic acid or PDMS in the
plasma plume (Ward et al., 2003)
The OES analysis also gives evidence as to how dry the pure gas plasma is. The OH
intensity is much lower for these treatments and can most likely be attributed to the
atmospheric humidity mixing with the plasma plume itself rather than the existence
of an humidity in the argon or helium cylinder.
Moving the process forward towards industry is a general consideration for this
work, as laid out in the aims and objectives in Chapter 2. These results provide
several parameters that can be monitored in real time during the treatment process,
that would allow for an increase in quality assurance. This is critical for the use of
adhesives as discussed previously, they cannot be reliably tested in terms of ultimate
strength, so rely on process control.
The existence of ions outside of the plasma nozzle is an important part of this project
as these are the active species in the plasma plume which achieve the cleaning and
functionalisation of the metal surface in this project. The density of these ions
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has been seen in previous work in this project. The total ion count of the MBMS
reduced drastically when the plasma torch was moved from 3 to 5 mm and then fell
substantially further when moved to 8 mm as seen in Figure 5.9. This, along with the
change in surface-torch potential implies that there are regions in the plume where
the plasma will be considerably different in composition. For the current work this
is not an area that is being investigated but it does require further investigation and
may lead to a two pass treatment regime using different stand off distances.
Finally the analysis of the dopants in the supply gas appears that it may be critical
to the process. Generally, doped plasma has performed better than the pure argon or
helium plasma treatments. This is likely a result of the additional chemical species
present in the plumes. The impact of these small amounts of dopants have only
been investigated in a binary manner in this work. There is some literature that has
used ternary systems which may provide additional benefits. The only plasma gas
combination used in this work that has three constituents would be the addition of
air as it was from a compressor situated in the treatment room which was held as
a constant 40 %RH. The amount of air used however is so small that it would not
result in a significant increase of humidity.
All of these aspects open several avenues for optimising the process. This would be
a complex procedure and a baseline the optimisation would be needed. One method
that can be used is the impact on the environment. To do this a life cycle analysis is
required which can identify any high impact areas which could influence the decision
on gas type of energy. This will be covered in the next chapter.
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Chapter 6
Use of cold atmospheric plasma
for the pretreatment of stainless
steel
6.1 Introduction
The literature review highlighted several issues surrounding the application of plasma
treatment. These include the many methods used for generating plasmas and the
many combinations of gas used in recent work. This would produce different plasma
chemistries which could have an impact on the level of treatment and the effect on
the metal surface. For instance, introducing nitrogen into a plasma increases the
plume temperature compared to a pure noble gas plasma therefore thermal effects
may be dominant in the treatment.
An example of the difference in published work is the array of plasma generation
parameters. The Ad-Tec equipment used for this project has a maximum gas flow of
10 l min-1 with the addition of up to 5 l min-1 of dopant and a maximum input power
of 15W at the antenna. This appears to be a relatively unique setup in terms of
plasma equipment available as most of the other equipment uses either much higher
flow rates and input energy, such as 50 l min-1 and 1000 W (Williams et al., 2014), or
operate at on much reduced flow rates through capillaries (Motrescu and Nagatsu,
2016).
To enable a worthwhile literature review to take place the method of plasma generation
and the operating parameters were generally disregarded as across most of the papers
the findings were similar independent of the gas mixture or power input. The
following literature review will discuss the different results and processes found in
published work up until May 2017.
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6.2 Literature
6.2.1 Surface free energy
Virtually all of the published work contains an investigation into the surface energy of
the stainless steel and how it is affected by plasma treatment. This is either indicated
by water contact angle or surface free energy, calculated using the Young equation
discussed previously. All of the papers which have covered this are in agreement that
there is a considerable reduction in the contact angle, and a coincident increase in the
surface free energy, after a plasma treatment. Some of the papers have investigated
the effect of prolonged plasma treatment. Williams et al. (2014) found that increasing
the exposure to the plasma reduced the water contact angle to a lower level which
then did plateau and appears stable up to a treatment lasting 50 seconds. This was
also found by Tang et al. (2004), Lee et al. (2009) and Lin and Chang (2011).
Other observations concerning the surface free energy is that plasma treatment
appears to only influence the polar contribution of it. The dispersive component
of the total free energy remains relatively constant across all of the papers and the
polar component increases. This could be due to an oxygenation, or removal, of the
hydrocarbon layer which is covering the metal surface.
Several studies measuring the effect that plasma treatment parameters have on the
surface free energy of stainless steel have been conducted. Lin and Chang (2011)
demonstrates that the increasing the stand-off distance may decrease the uniformity
for treatment times between 10 and 180 seconds. An increase in the contact angle is
observed between the treatment times of 30 - 120 seconds for a stand-of distance of
80 mm and a flow rate of 12 l min-1 using a mixture of nitrogen and argon. At these
distances there will be a considerable amount of mixing between the atmosphere and
the plasma plume which may lead to irregularities in the treatment.
The temperature of the plasma in work conducted by Lin and Chang (2011) may
also be a cause for the differences. The high nitrogen content of the plasma will lead
to a high plume temperature, the substrate temperate is reported at 850 - 1050°C
depending on the input power. The large increase in temperature for the durations
of the treatments in the investigation would have several effects such as a growth
of oxide layer, migration of alloying elements and potential grain growth. This is
shown to an extent in the SEM images of the treated surfaces where crystallites are
demonstrated to have grown after 90 - 180 s of treatment. If these were not controlled
or regulated in anyway there may be differences in the treated surface and therefore
different contact angles would result (Lin and Chang, 2011). These long treatment
times may also have the effect of developing the oxide too much resulting in a weakly
bonded surface layer that would have the potential to greatly reduce the strength of
an adhesive joint.
The above literature demonstrates that plasma treatment of stainless steel does
change the surface of the metal. Some of the papers go on to investigate the effect
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that the plasma treatment has on the adhesive strength, this is of interest to the
current work and will be discussed in a later section.
The water contact angle or surface free energy has also been used to examine the
ageing of the treated surface. This is a useful factor to understand as the time
between treatment and adhesive application could be critical in some industrial
applications.
6.2.2 Ageing of the treatment
The ageing of the treatment is a very important aspect to consider when designing a
process for use in industry. Currently chemical etching methods and standards state
that bonding or priming the surface within 4 hours of the treatment is recommended
if peak performance is desired as described BS EN 13887:2003 standard (British
Standards Institute, 2003b).
Several authors have investigated the ageing of plasma treatment, mostly using water
contact angle. This has been reported twice by the same research group, in the first,
Tang et al. (2004) show a slight increase in surface free energy in the 2 - 3 minutes
post treatment. This is attributed to further reactions occurring on the surface
which act to increase the polar component of the surface free energy. This could be
reactions with nitrogen or oxygen in the atmosphere. After that there is a period of
stability up to 2 hours when the experiment ceased.
In the second investigation Tang et al. (2006) reported results for up to 24 hours
post treatment. Within the first hour it was relatively stable with a total surface
free energy between 65 and 70 mJ m-2, and then the contact angle increased steadily
and after 14 hours there was a noticeable increase. After 24 hours the contact angle
was 41° as opposed to 72° for the untreated samples. This demonstrates that the
treated surface is stable in a lab environment beyond the 4 hours time limit to apply
adhesive, as advised in BS EN 13887:2003 standard.
Kim et al. (2002) have also conducted an ageing experiment and found that there
was a relatively quick recovery from the minimum contact angle of ≈12° to ≈30°
over the same time frame, 24 hours, that the surface in Tang’s et al. experiment
increased from 18° to 41°. This small difference could be attributed to the different
plasma used for the treatments. Tang et al. used a nitrogen/argon mixture whereas
Kim et al. used a nitrogen/oxygen mixture. The treatment parameters were similar.
Unfortunately there is not enough information given about the treatment or the
ageing conditions to allow for a direct comparison. (Kim et al., 2002, Tang et al.,
2006)
Some observations can be drawn from this work. Tang et al. (2005; 2006) have
investigated the ageing of plasma treatment on two types of stainless steel, 304L,
treated with argon/nitrogen plasma, and 316L, treated with argon/oxygen plasma.
The 304L appears to have a quicker recovery than 316L. After 1 hour the water
contact angle for treated 304L has doubled from 15.2° to 30.4° whereas for 316L the
contact angle has risen from 18.1° to to 22.6°, a rise of 24%. There is the inclusion
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of oxygen in the plasma for the 316L treatment. The difference in lap shear strength
is unlikely to be a result of the difference in alloy, the difference between them is
the addition of molybdenum in 316 stainless steel. Molybdenum does not surface
segregate in stainless steel so is therefore unlikely to be the reason for the slower
recovery. The overall duration of the treatment is also shorter for the 316 samples.
This implies that there is a good reason to investigate using oxygen containing
plasma for the surface treatment as it may be critical in producing a favourable
surface which can last for several hours after treatment. The reasoning put forward
for this observation is a build-up in oxide of the surface made possible by the oxygen
contained in the plasma and subsequently reacting with the air to enhance the oxide
layer.
The ageing conditions and mechanism are of interest to this work but information
regarding these factors have not be reported in literature. To gain some insight the
search was widened to include other materials which will now be discussed.
The recovery mechanism is not fully discussed overly well in the papers mentioned
previously. Williams et al. (2013) investigated the recovery mechanism of plasma
treated silicon using FTIR and arrived at the conclusion that the relaxation of the
surface free energy to a lower value is achieved by the adsorption of carbon containing
molecules with relatively short chains, around 8-10 carbon atoms in length. The
source of these molecules is a question which has been debated by researchers the
world over. To date the speculation has settled on a variety of sources for it such
as clothing fabric softeners, surfactants in hair products, spray lubricants and a
vast array of other carbon chain emitting sources (Castle, 2008, Williams et al.,
2013).
Further studies have been carried out using plasma treated copper and gold. After
treatment the samples were immersed in water to age. The surface free energy
increased after treatment to a value of ≈70-75 mJ m-2 independent of the treatment
time and then reduced over two days of ageing. The amount of reduction in surface
free energy was dependant on the storage conditions however. From lowest to highest
reduction the conditions were in air, in low vacuum and in high vacuum. Only the
high vacuum samples maintained any benefits over the untreated samples after being
aged for two days, the other two ageing methods actually resulted in lower surface
free energy samples compared to the untreated although the polar component is
significantly higher than the untreated samples indicating that there is still some
chemical difference in the surfaces compared to the untreated samples.
Based on the work published to date there is strong evidence that the investigation of
surface free energy would be beneficial to this work. It can provide a straightforward
indication about the effect that the plasma has on the surface and can be used to
downs select treatment parameters. The increase in surface free energy is a good
indicator that the bond strength will also improve, but a reliable link between the two
has not been demonstrated to date. The only method for determining the increase
in bond strength to undertake mechanical testing on treated samples which will be
discussed in the next two sections.
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6.2.3 Lap shear tests
Lap shear testing has been the mainstay of adhesive bonding trials for decades and
work goes back to the initial formulation of pre-treatments such as Brockmann et al.
(1982) and Haak and Smith (1983). There is a small but significant amount related
to the plasma treatment of stainless steel.
Across the literature two lap shear investigations have taken place on steel treated
by plasma. Direct comparison is not effective due to the substrate/adhesive/plasma
combinations allowing for such a large variation in terms of failure load and stress.
The trends in these results can give some indication to the efficacy of the treatments
used and their viability.
Williams et al. (2013) found that there was a significant rise in bond strength from,
19 MPa to 33 MPa, after a relatively short exposure to the plasma of 2 - 5 s. This then
reached a plateau and any increase in the exposure beyond 10 s, up to 80 s exposure,
did not increase the failure stress. This trend is reflected in the water contact angle
with a levelling off at around 10 - 15 s of treatment time. No further information for
this test is reported in terms of failure type, or surface analysis post testing. If there
is no further increase in lap shear strength it is probable that the locus of failure
has moved from the interface to the bulk of the adhesive (Williams et al., 2013).
Based on this work there is evidence that helium/oxygen plasma is beneficial to the
adhesive bonding of stainless steel and the relatively reduced treatment times would
be beneficial for industrial use as it would mean that this is not a batch process and
can be included on a production line.
The second lap shear results presented in the literature by Lee et al. (2009) also
found that the bond strength increased a significant amount after the substrates had
been plasma treated using argon/oxygen plasma. Of the parameters tested the bond
strength was most sensitive to the input power into the plasma for a given flow rate
of gas. This is an interesting factor to consider but one that is not relevant to this
project as the equipment that is being used can only vary the power between 0 and
15 W which is low compared to the 150 to 350 W of Lee et al. This lead to the choice
of using the Ad-Tec equipment at maximum power for all treatments, this will also
reduce the matrix of experiments to be undertaken.
An interesting result is the bond strength for long exposures to plasma containing
oxygen. There is an initial increase when the samples are treated for up to 50 - 75 s
but then a decrease is bond strength. One observation of this data however is that 10
repeats are stated to have been done in the methodology but there are no error bars
present on the graph, only a standard deviation range of 0.002 to 4.960 MPa with no
distribution information given this could indicate that the differences presented are
not significant and represent a poor dataset (Lee et al., 2009).
The lap shear testing in the literature demonstrates that there is a large increase that
can be gained from the plasma treating metals prior to bonding. This is only part of
the story, however, as the prolonged strength of the joint is a critical component in
the uptake of adhesives for structural applications. To probe the longevity of the
joint the usual experiment is a durability test, as described below.
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6.2.4 Durability
Wedge tests for plasma treated metals are not common in the literature. There
is one set of data reported using stainless steel to composite bonding by Williams
et al. (2012). The plasma used in this instance was a helium/oxygen mixture with a
high flow rate of 50 l min-1. The samples were split into four groups dependant on
whether they had been sanded or plasma treated or both and one un-treated group.
The results of the investigation show that the abrasion reduced the crack extension
growth and is further improved by the application of plasma. The best performing
pre-treatment in this test however is the non-sanded and plasma treated sample,
which had the lowest crack extension over the course of the test and also the highest
cohesive failure percentage. The cohesive failure percentage was measured using a
microscope to inspect the surface and determine if the failure was in the adhesive or
at the interface, there is no method stated for how it was determined and therefore
may have been judged by eye and could inherently include some bias. Further to
this there is no mention of the number of repeats that were used in the study, this
makes the exact nature of 97% cohesive failure a potential issue for comparison work
(Williams et al., 2012).
The mechanical testing presented in the literature signifies that there is an advantage
to plasma treat metals in terms of dry bond strength and the durability when
aged. This, coupled with the higher surface free energy is a good start for the
mechanical investigation performed in this work. This is half of the story however
as the treatment is entirely unoptimised currently so knowing how the surface is
affected by plasma treatment may enable the processes to be optimised in a far more
efficient manner compared to empirical trials. To this end there have been some
studies done to investigate the surface chemistry of the metals post treatment and
connect this with the increase in bond strength. These studies will be discussed in
the next few sections.
6.2.5 XPS
XPS has been widely reported in literature for the analysis of surfaces, and has been
used extensively in the analysis of adhesives and surfaces prior to bonding (Watts
and Castle, 1984, Brewis, 1986, Bouquet et al., 1992, Dickie et al., 1998, Brack and
Rider, 2014). This is because XPS provides an accurate chemical composition of the
substrate surface, it can show if there are any chemical changes occurring and, with
a modicum of data processing, inform the analyst about what is occurring during a
surface preparation process.
Several studies have used XPS to analyse the result of plasma treatment of stainless
steel. The general consensus is that the treatment removes some or all of the carbon
contamination that may be present on the native metal and then also reinforces the
oxide layer. This has been shown by several authors by peak fitting of the Fe2p peak
(Williams et al., 2012, So¨nmez et al., 2016). This shows an increase in the higher
oxide states and FeOOH when the surface is treated with a pure argon plasma but
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when it is a pure oxygen plasma there was a large increase in the oxide peak and
reduction of the Fe metal peak to zero indicating an increase in the oxide thickness.
This is plausible as there are obviously more active oxygen species in an oxygen
plasma compared to an argon plasma, for this study the treatment was long however,
at 30 minutes, and also performed using low pressure plasma.
As the work conducted in this project uses plasma that is only doped with oxygen
compared to a pure oxygen plasma and treatment times in the order of seconds these
effects are not expected to be as pronounced.
The most common observation is an increase in the oxide thickness brought about by
active species in the plasma. This is mostly related to plasmas which contain oxygen
in their input gases. Other explanations state that there may be an influence of the
now bare oxide surface reacting with oxygen and nitrogen in the atmosphere and
forming further oxides or nitrides (Kim et al., 2002, Tang et al., 2004; 2006).
One explanation which is not explored or discussed in any paper which uses XPS as
a technique is that the increase in iron and the iron oxide peaks are related to the
reduction in carbon contamination which is on top of the iron peaks. There may also
be some oxidation of the carbon layer which is responsible for such a large increase
in the oxygen component as the increase in oxide and -OOH is not solely responsible
for this.
This is best explained in terms of the analysis depth, the native iron surface is buried
underneath the carbon overlayer, which may be 4 - 7 nanometres thick, this carbon
will attenuate the iron electrons which are detected by the analyser thus leading to a
lower overall signal, this is illustrated in left hand side of Figure 6.1 and an apparent
reduction in iron concentration at the surface. During plasma treatment the carbon
overlayer is reduced in thickness and therefore impedes the escaping electrons less
leading to an apparent increase in iron intensity.
To gain an insight into the potential growth of the oxide layer an XPS depth profile
through the oxide layer would provide firm evidence of the oxide thickness. This
could be extended using different plasma gas combinations. This allows for direct
comparison of the oxide layer thickness in a semi quantitative manner. The actual
thickness is not directly measured only the time to penetrate it. A second method for
doing this which could be implemented is angle resolved XPS (ARXPS) which can
be used to determine the depth of a hidden interface, in this case the metal/oxide
interface. This is a challenging method however and relies on an iterative process
and spectra simulation to achieve a depth value (Watts and Wolstenholme, 2003).
ARXPS would be problematic as the depth of any interfaces, and the transition
region of the interface are not known.
Williams et al. (2012) reported an interesting aspect of the XPS in that when the
surface was abraded with abrasive paper the chromium content dropped. This because
the chromium will preferentially surface segregate as it has a much higher affinity for
oxygen than the other alloying metals, this can be seen by using an Ellingham diagram
(Ellingham, 1944). This is the main mechanism of the passivation of stainless steel.
The abrasion will have removed the material at the surface which was predominantly
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Figure 6.1: Schematic of the relationship between carbon contamination and
intensity of the metallic surface emission
chromium rich exposing the subsurface, now the new surface, to be analysed, this is
mostly comprised of oxidised iron as the analysis shows (Williams et al., 2012).
A reduction in chromium was also reported by Kim et al. (2002) but the reduction
was to 0 At% which is unusual as there is no reference to abrading the samples prior
to plasma treating in the process. Another explanation for this reduction may be
a plasma etching process, although this would leave some chromium near enough
to the surface to be detected. Possibly the most likely scenario for the reduction
to 0 %At. is a mis-analysis or the Cr2p peak not being recorded in high resolution
for processing, this cannot be checked further as there are also no survey spectra
for treated and untreated samples. This result can also be explained by the sample
being heated. An increase in temperature, to between 200 and 300 °C, will make
the promotion of iron to the surface thermodynamically preferable compared to
chromium. There is no mention of the surface temperature during the treatment
however, other than being treated at room temperature.
A second method of analysis of the chemistry at the surface of the treated metal is
ToF-SIMS, this is generally considered a complementary method to XPS and allows
for an in depth analysis of the surface chemistry involving individual ions.
6.2.6 ToF-SIMS
Based on the literature reviewed to date there have not been any ToF-SIMS investi-
gations published on the impact that plasma treatment has on stainless steel. In
this project the ToF-SIMS analysis has been used to image the treated area and
determine the impact of the environmental mixing of the plasma plume by doping
the plasma with D2O.
A paper by Cristaudo et al. (2016) uses this technique on polyethylene modified
by an argon plasma doped with D2O. The findings show that there is an increase
in oxygen containing peaks and also an increase in peaks attributed to deuterium
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containing compounds. The investigation also examined the influence of distance
and treatment time on the level of hydrogen and deuterium containing peaks. These
findings show that there is a distance where the increase in deuterium is a maximum,
at 5 mm stand-off distance, and then it is less at 7 mm and zero at 10 mm. This
is an inverse trend to that of the hydrogen containing peaks which are the highest
when the plasma is 10 mm away from the surface. As there is no oxygen in the
substrate beyond any additives it is feasible that the result at 10 mm demonstrates
that the atmosphere mixing in to the plasma plume is complete and there are only
active species from the atmosphere that are reaching the surface (Cristaudo et al.,
2016).
6.2.7 Literature discussion
Of the literature reviewed there has been a general consensus in the process and
how atmospheric plasma affects the surface of a metal in that is at least partially
removes the carbon contamination layer and then functionalises the remaining oxide
surface. This has been shown through the use of XPS, surface free energy/water
contact angle and bonding experiments.
Of all the literature reviewed there was little on the specific plasma equipment or
substrates that are being used in this project. Furthermore there has not been any
work using REDUX 319 as the adhesive which is a very high strength adhesive and so
would test the interface more than most of the other adhesives used in the literature
mentioned in this section.
There has also been no investigation into the mixing of the atmospheric plasma
plume and the atmosphere. This could be performed using several methods such
as optical emission spectroscopy or molecular beam mass spectrometry as already
presented in this document.
For these reasons this project will focus predominantly on the interaction or the
plasma generated using the Ad-Tec PlasmaTact using different gas input combinations
and will utilise surface free energy, XPS, ToF-SIMS to investigate how the surface
changes after treatment and single lap shear and Boeing wedge tests to indicate
how the mechanical properties are affected by CAP treatment. The results of these
investigations are presented in the following section.
6.3 Results
6.3.1 Surface free energy
Initial experiments using stainless steel were aimed to investigate the optimum
parameters for most subsequent treatments. This was done by using a 2 factor
testing array which covers all of the parameters with a maximum and a minimum
parameter value. The parameters tested are shown in Table 6.1.
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Table 6.1: Testing array for parameter experiment, results are shown in Figure 6.2
Sample
Treatment distance
(mm)
Gas flow rate
(l min-1)
Torch speed
(mm min-1)
1 5 4 80
2 5 4 160
3 5 8 80
4 5 8 160
5 10 4 80
6 10 4 160
7 10 8 80
8 10 8 160
Untreated 1 2 3 4 5 6 7 8
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Figure 6.2: Surface free energy results for parameter trial on stainless steel
The results shown above demonstrate that there is a large increase in surface free
energy from the untreated samples to plasma treated samples. This is entirely a result
of the increase in the polar component of the surface free energy. The issue with
these data, however, is that there is little to differentiate the treatment parameters.
To allow for a larger number of samples to be treated and tested it was decided that
minimising the treatment time would be beneficial, therefore, using the highest speed
possible would decrease the time taken for each treatment and allow for a greater
number of data points to be acquired.
This, coupled with the reduced spread lead to the selection of parameter set 4 to be
carried forward for subsequent mechanical experiments. This corresponds to a flow
rate of 8 l min-1, a speed of 160 mm s-1 and a treatment distance of 5 mm.
These data are consistent with those published in the literature and the plateau is
present in all published data. This may be a limit of the testing method and the
probe liquids used for the test. If this were to be the main analytical technique used
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in this project a liquid with a higher surface energy than water would be required such
as acetonitrile. This is not a common test routine and would require an investigation
in itself to verify the results. This is outside the scope of the current project.
The fact that it is entirely the polar portion of the surface free energy that is
responsible for the increase shows that the plasma is having an effect on the chemistry
of the surface, this test does not elucidate if it is hydroxyl, nitrogen or any other
species which are increasing on the surface, this will be investigated further using
XPS and SIMS later in this chapter.
Another outcome of this study is that the process appears to be relatively robust
in terms of the effect that the parameters have on the surface. The spread of the
data seems to be most affected by the distance however which means that this will
be closely monitored. The results display that there is a change at the surface after
plasma treatment, the next area of interest is if this change manifests itself as an
increase in bond strength. The results of the mechanical testing will be presented in
the next two sections.
6.3.2 Tensile testing
Lap shear testing was used to give a comparison between different plasma settings
and also to act as a comparison between plasma treatment and wet chemical pre-
treatment.
To fully investigate the effect that plasma treatment has on metal adhesion a large
test matrix was designed to cover all of the possible variables. Table 6.2 shows the
parameters which were tested by this method. Each surface treatment was carried
out on set of untreated and a grit blasted samples, an extra sample of unwashed and
untreated steel was also tested. This resulted in 29 different combinations.
Table 6.2: Available treatments for stainless steel lap shear specimens
Texture Surface treatment
Untreated Oxalic acid etched
Grit blasted Ultra sound w/ acetone
Argon
Argon/Oxygen 0.25 l min-1
Argon/Oxygen 0.1 l min-1
Argon/Air 0.1 l min-1
Argon/Air 0.25 l min-1
Argon 20% humidity
Argon 40% humidity
Helium
Helium 20% humidity
Helium 40% humidity
Helium/Air 0.07 l min-1
Helium/Nitrogen 0.06 l min-1
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All of these combinations were tested using 5 mm stand-off distance, 8l min-1 total
gas flow and 150 mm min-1. Prior to the plasma treatment the samples were washed
in an ultrasonic bath for 3 minutes in acetone.
From the data shown in Fig 6.3 it can be seen that there are two distinct groups
within the plasma treated samples. The first is the lower set which failed at between
32 and 40 MPa and the second which failed between 45 and 50 MPa. The difference
between these sets was that the second set has been grit blasted prior to the plasma
treatment.
Included in the data are two sets of 10 repeats for the oxalic acid etched samples.
The repeated data sets were undertaken after the experiment was performed as the
value obtained initially were less consistent compared to previous work. The repeat
oxalic acid etch was prepared by the same person, using the same equipment to the
same standard and the bond strength was improved. It is not currently known why
the first set of etched samples performed so variably.
The highest performing treatments were compared against both the oxalic acid etched
and G/B oxalic acid etched, as shown in Figure 6.4.
The data demonstrate that there is a definite increase in bond strength when plasma
treatment is used on the substrate prior to applying the adhesive. The highest result,
which was for grit blasting followed by an argon and oxygen mixture (0.1 l min-1),
surpassed the chemical treatment which, in the context of this work, is a very good
result.
An interesting trend that can be seen in this data is that there appears to be a
definite aggregation of treatments. This means that there is a set amount each of
the treatments can affect the bond in a positive way. Table 6.3 shows the increase in
lap shear strength that is realised when an untreated sample is grit blasted, plasma
treated, and sequentially grit blasted and plasma treated. In Table 6.3 the average
line is the mean of all the treatments. The Ar/O2 line is the best performing plasma
treatment.
Table 6.3: Percentage increase from untreated to separate treatments
Untreated Plasma treated Grit blasted
Grit blasted and
plasma treated
Average 0% 13.1% 36.3% 49.2%
Ar/O2 0% 22.8% 38.9% 57.8%
From this data it can be seen that for the averaged case there is a direct relationship
between the different treatments and strength of the joint. Plasma treatment raises
the bond strength by 13% and grit blasting by 37% therefore if these were combined
it would equal to 50% which is close to the value for the average increase of 49%. For
the Ar/O2 case the sum of the components is slightly further out 62% compared to
the 57% actually recorded. This difference may be dependent on the adhesive used
and the fact that at these values the failure mode is dominated by the bulk strength
of the adhesive and not the interfacial strength. Therefore to realise the maximum
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Figure 6.3: Failure stress data for plasma treated 316 stainless steel
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Figure 6.4: Lap shear failure stress for stainless steel treated using different methods
potential of the interfacial strength a different adhesive or a thicker substrate should
be used.
The loading curve for the stainless steel samples is not available because the software
that operates the machine does not allow for the export of the data itself. It was
observed while being tested that there was a small amount of yielding in the samples
before the failure. This results in a reducing in the gradient of the force against
displacement curve. At the beginning of the test there was generally a short phase
of gradient change as well, this can be associated with some movement of the sample
in the jaws and any bending of the sample if they were not exactly straight.
Alongside the failure load data several other parameters were recorded for each of
the joints. This data will be presented in the following sections.
6.3.3 Single lap shear joint geometry effects
6.3.3.1 Introduction
As described in the methods chapter the single lap shear specimens were manufactured
differently to the standard. As they were made individually rather than as a plate
and cut up there was a higher likelihood that there would be deviations in the joint
geometry from that specified.
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The following results compare the measured joint geometry against the normalised
failure shear stress. The reason for normalising the failure shear stress is to allow for
fair comparison between the different treatments and to see if the joint geometry
was the culprit for any large deviations from the mean value.
Bond angle
Figure 6.5 shows a selection of data comparing the bond angle against the normalised
failure stress. The selection of the samples is based on the best performing lap shear
results in addition to untreated and chemically etched.
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Figure 6.5: Bond angle against the normalised failure stress for stainless steel
treated with different pre-treatments
Overall these results show that a sample with a bond angle up to 1.5°does not have
any apparent reduction in joint strength. From this work it is not known to what
extent the angle can be increased to before being detrimental to the joint strength.
These data satisfy the fact that the joint and testing method can tolerate the joint
angle distribution of this method of manufacture.
Bond displacement
The results for a small selection of the bond displacement measurements, as measured
by the method described in §3.3.2.2 are shown in Figure 6.6.
Similar to the bond angle results the bond displacement data shows that there is
little impact on the joint strength with relatively large deviations. This again shows
that for the normal joint deviations experienced through this method of sample
preparation there will be little impact on the ultimate joint strength. This allows for
suitable comparison between results.
This metric is a function of the adhesively bonded section of the joint and also the
substrate themselves. For this experiment the substrates were cut using a guillotine
and were not entirely flat. The samples were matched up prior to being bonded in
an attempt to produce a straight joint in an effort to reduce any external lateral
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Figure 6.6: Bond displacement against the normalised failure stress for stainless
steel treated with different pre-treatments
forces being exerted on then joint during testing. Based on the data presented this
appears to have worked.
Bond-line thickness
Finally the bond-line thickness was measured for each sample. The bond line
thickness is only controllable by using a filler in the adhesive such as spacer wires
ballotini, or a mesh contained within the adhesive itself, or by holding the samples
in a rig while they cure. For this work the bond-line was left uncontrolled.
0 50 100 150
0.6
0.8
1
1.2
1.4
Bond-line thickness (µm)
N
or
m
al
is
ed
fa
il
u
re
st
re
ss
Untreated
Grit blasted (G/B)
Oxalic acid etched
G/B Oxalic acid etched
Ar/air 0.1 lmin-1
G/B Ar/air 0.1 lmin-1
G/B He/air 0.07 lmin-1
Figure 6.7: Bond-line thickness against the normalised failure stress for stainless
steel treated with different pre-treatments
This metric is slightly different to the previous two as it it is not entirely dependant
on the experimentalist during the manufacturing process. There is a fairly large
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spread of bond line thicknesses recorded in the data shown. This is most likely a
result of the distortion of the samples. Although the bond-line thickness results have
some potential flaws the overall trend shown in the graph is that there is little, to no
reduction in bond strength when the bond-line is up to 100µm.
6.3.4 Boeing wedge test
Presented in Figure 6.8 shows the best performing plasma treatments, along with
untreated and oxalic acid etched substrates for comparison. As the samples in this
work were warped prior to being bonded these data can only be used for comparison
between different treatments within this work.
0 5 10 15 20 25 30
60
80
100
120
140
160
Root time in humidity chamber (
√
hrs)
C
ra
ck
le
n
gt
h
(m
m
)
Untreated Ar/O2 0.1 lmin
-1
G/B Oxalic acid etch G/B acetone wash
G/B Ar/O2 0.1 lmin
-1
Figure 6.8: Crack length against root ageing time for stainless steel with different
surface treatments prior to bonding
The trend in Figure 6.8 shows that there was a substantial increase in crack length
in all of the samples after 4 hours in the humidity chamber. The crack progressed
further over 2 days and then stabilised for all of the samples shown from that point
up to the end of the experiment at 7 weeks, this implies that the strain energy
surrounding the crack tip has reached equilibrium after two days.
This was not the case for all of the samples, many of the samples failed during the
first 24 hours in the humidity chamber.
The argon/oxygen combination that gave the best performing lap shear joint also
rated well in the tensile test although did have a larger standard deviation compared
to other plasma treatments, this may be something to consider when determining
the best gas combination. There are also extra health and safety considerations to
be made when including oxygen into the gas flow as there is a significant increase in
ozone generated by the plasma which can be detrimental to health in the long term.
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These factors will be considered more closely in the life cycle analysis conducted in
Chapter 8.
From these data the fracture energy has been calculated for the samples according
to Equation 3.1. These results are shown in Figure 6.9.
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Figure 6.9: Fracture toughness against root time ageing time for stainless steel with
different surface treatments prior to bonding
The same trends can be seen in both graphs albeit is opposite directions. The
crack extension measurements demonstrate that the joint benefits greatly from the
increased roughness introduces by grit blasting the surface. This is a subject that
has been th focus of published work and termed the tortuosity factor of the surface
(Watts and Castle, 1984).
When comparing the non-grit blasted surfaces there is some variation between the
different plasma treatments. This is the first evidence that different gas combinations
result is a differently treated surface. These differences are less pronounced when
the samples are also grit blasted, however.
Failure surfaces of the Boeing wedge test samples
After the experiment was complete the samples which were still bonded after the
full duration of the exposure in the humidity chamber were removed and then split
apart and photos taken of the failure surfaces to investigate if there were any obvious
differences between the different treatments.
Figure 6.10 shows an untreated and compares it to a grit blasted, oxalic acid etched
and argon/air plasma treated failure surfaces. The crack direction is from left to
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right in the images. The unbonded region can be seen at the left hand end of the
sample.
Comparing the samples shown demonstrates the different modes of failure. The top
sample, untreated, has failed at the interface for the entirety of the joint. This is not
favourable in terms of the pre-treatment as it shows that even when the joint has
not been aged and the crack is initiated the weak point of the joint is the interface.
Compared to the grit blasted and oxalic acid etched sample, the middle image, there
is a significant difference.
The initial crack propagation in this sample appears to be mostly through the
adhesive, this is an ideal situation as it demonstrated that the interface is at least
as strong as the bulk adhesive. From about 80 mm the cohesive failure stops and
there is a patch of interfacial failure up to about 115 mm. This is the crack extension
that occurred while the sample was in the humidity chamber. At around 115 mm the
crack has ceased to extend any further. from 115 mm to the end is cohesive failure
again, this is where the remainder of the joint was forced open.
Finally the bottom sample, which has been grit blasted and plasma treated appears
to have behaved in a similar manner to the previous samples. The distinction between
the metal and adhesive is more obvious as the oxalic acid discolours the metal making
it harder to differentiate between the two. The sections of cohesive failure up to
75 mm, followed by interfacial failure up to 115 - 120 mm which occurred during the
ageing process are clearly defined. Interestingly the transition from interfacial to
cohesive failure is not perpendicular to the edge of the sample. This may be a result
of the sample distortion and it not uncommon in these tests. This is the reason that
the crack extension was measured on both sides and an average taken.
Having uncovered the increase in mechanical properties realised through the applica-
tion of plasma treatment with and without grit blasting, work was undertaken to
establish why this increase is present. This has taken the form of several surface
chemistry studies such as XPS and ToF-SIMS. This is an important avenue to explore
as it can reveal areas that may allow the process to be optimised beyond the current
state.
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Figure 6.10: Failure surfaces of the 316 stainless steel Boeing wedge tests. From top
to bottom: untreated, grit blasted and oxalic acid etched and grit blasted and
argon/air plasma treated
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6.3.5 XPS
6.3.5.1 Solvent cleaning
XPS has been used to probe the surface chemistry pre and post treatment to gain
insight into the increase in mechanical properties shown in the previous sections.
This has been achieved using both single spot analysis of a treated sample and by
mapping the treated area to investigate if there are variations across the treated
region.
Initially an investigation of the untreated and cleaning with different solvent regimes
was conducted to investigate which solvent would be used prior to further treatments.
Figure 6.11 shows the survey spectra for the untreated sample and samples which
have been washed in an ultrasonic bath with each solvent for three minutes at room
temperature. The chemical composition of these has been shown in Table 6.4.
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Figure 6.11: XPS survey spectra for solvent cleaning testing. Acquired with the
ESCALAB 7 mm diameter X-ray spot size
From the spectra and composition data it can be seen that there is a very high
carbon concentration on the untreated sample. This would be expected due to the
protective coating that the steel has been supplied with leaving behind a thick layer
of carbon, this has been documented in other research such as that by Tardio et al.
(2015).
There is a large decrease in the carbon concentration when the sample is cleaned
with acetone. This has been seen in previous literature. While toluene gave the
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Table 6.4: Composition of the solvent cleaned stainless steel
Surface composition / At %
Specimen C O Cr Fe Mo N Na Ni P
Untreated 87.7 11.4 0.2 0.7 0.0 0.0 0.0 0.0 0.0
IPA 69.1 25.9 1.4 1.5 0.1 1.1 0.0 0.0 0.9
Toluene 47.8 37.0 3.1 3.2 0.0 4.7 4.0 0.2 0.0
Decane 69.1 23.5 1.4 1.4 0.0 2.3 2.3 0.0 0.0
Acetone 64.0 26.6 3.3 1.8 0.1 4.1 0.0 0.2 0.0
largest reduction in carbon contamination it will not be used in this project because
of the increased health and safety concerns compared to IPA and acetone. Therefore
for this work, acetone will be used.
6.3.5.2 Argon plasma parameter experiment
A further investigation was set up alongside the initial experiment to further work on
the optimum treatment and investigate the corresponding chemical compositions for
the water contact angle data already discussed in §6.3.1. By treating a steel sample
with an argon plasma and varying a single parameter out of distance, dwell time and
flow rate. The parameters tested are detailed in Table 6.5. After this the carbon
overlayer thickness was calculated using the Beer-Lambert law as follows:
d = λc cos θ
(
100− x
100
)
(6.1)
Where λc is the inelastic mean free path of the electrons in the carbon layer, in
this case it is about 2.97 x 10-9 m, θ is the electron take off angle which for the
ESCALAB used is ≈53° and x is the measured carbon concentration percentage
(Smith, 2005).
This gives a value for d which is the carbon contamination layer thickness in nanome-
tres. The value is usually of the order of a few nanometres for an average sample
exposed to the atmosphere and is the result of the high surface free energy present
at the native oxide at the metal surface.
Table 6.5: Parameters for initial XPS testing
Variable Time(s) Flow rate (l min-1) Distance (mm)
Time 5, 15, 30 5 10
Flow rate 15 2, 4, 5, 6 10
Distance 15 5 5, 10, 15
The treatment was conducted within 60 seconds of the sample being loaded into the
instrument and the analysis was finished at least 60 minutes after the treatment had
taken place.
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Figure 6.12: Carbon overlayer thickness against gas flow rate,
stand-off distance: 5mm, treatment time: 15s
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Figure 6.13: Carbon overlayer thickness against treatment time,
stand-off distance: 5mm, gas flow rate: 8 l min-1
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Figure 6.14: Carbon overlayer thickness against stand-off distance,
treatment time: 15s, gas flow rate: 8 l min-1
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The graphs show that the level of treatment, measured by the carbon contamination
thickness, is more sensitive to the duration and the distance at which the treatment
takes place. This can be seen by the relatively large changes when from 2.2 nm to
1.2 nm when the duration is increased from 5 to 30 seconds and 1.2 to 1.9 when the
distance is increased from 5 mm to 15 mm.
Both of these variables appear to have be approaching a minimum value of carbon.
This makes logical sense as if the treatment duration were increased the level of
contamination would decrease to a minimum, after 30 seconds the sample still has
some residual contamination on it but a relatively low amount and it is likely that
during the plasma treatment the contamination was eliminated but upon ceasing the
plasma the sample is then exposed to atmosphere and a carbon layer is deposited
instantly. The same can be said for the treatment distance although this is a more
complex matter as there will be influences of the atmosphere and the distance would
also be affected by the nozzle geometry, this is similar to results published by Lin
and Chang (2011) and Lee et al. (2009) discussed in the literature. A larger aperture
size, for example, may be less effective at the same distance compared to a smaller
aperture given the same flow rate.
Changing the treatment distance may also affect the treatment area, this could be a
very important factor when designing for an efficient system of treatment. This will
be more closely studied in §6.3.5.5.
Based on these data the level of treatment appears to be insensitive to the flow rate.
The flow rate does have an effect on the temperature of the plasma however. This has
been investigated in Chapter 5. Increasing the gas flow rate reduces the temperature
which, while not important for metals, is beneficial to know for more heat sensitive
materials. Furthermore the gas flow rate will impact the life cycle of the process.
Presented Chapter 8. For the majority of the work in this thesis however a gas flow
rate of 8 l min-1 was used. This is likely to be an over treatment but for the purposes
to this investigation an over treated sample will have more pronounced differences,
this will indicate what is happening allowing for more detailed subsequent analysis
at lower flow rates or shorter treatment times.
6.3.5.3 Map of treated region
To understand how the level of treatment varies across a treated region using different
plasma parameters several XPS images were acquired over the course of several weeks
throughout this work using the Theta probe. The instrument parameters for the
single spot analysis are detailed in Table 6.6.
The reason for the core level regions selected is that in earlier analyses these elements
consistently made up about 95% At. of the surface chemistry of the steel and were
present at all locations.
The sample analysed for this study was treated by the plasma and then introduced
into the instrument within 90 seconds of treatment finishing.
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Table 6.6: Parameters used for iXPS map of treated area
Parameter Value
Radiation Monochromatic Al Kα
Spot diameter (µm) 400
Analysis type snapshot
Elements analysed C1s, O1s, Fe2p3/2, Cr2p3/2, N1s
Area (X, Y) (µm) 25019.4, 25031.1
Step size (X, Y), (µm) 397.13, 397.32
Number of pixels (X, Y) 64, 64 (4096 total)
Analysis time 8 days
Table 6.7: Treatment for iXPS specimen
Parameter Setting
Gas Helium (99.99% Pure)
Flow rate (l min-1) 8
Stand-off distance (mm) 5
Duration (s) 15
This treatment was selected based on the lap shear and surface free energy results.
Helium containing produced better adhesive bond strength compared to argon and
thus it was hypothesised that it would give the most drastic treatment which can be
analysed.
The duration of the treatment is the only parameter not easily changed when treating
large areas as this is a function of the treat diameter and the speed at which the
torch is moved over the surface. An objective of this XPS map is to determine the
treatment diameter to therefore give an indication of treatment time for further
tests.
A representative sample set of the snapshot spectra, originating from near the centre
of the treated region, are shown in Figure 6.15.
The spectra themselves are adequate for quantification purposes and some peak
fitting can be done on the carbon and oxygen peaks but the iron and chromium
peaks are not detailed enough and don’t cover a large enough binding energy window
to enable adequate peak fitting.
The quantitative XPS images are shown in Figure 6.16.
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Figure 6.15: Snapshot spectra of elements acquired for a single pixel in the iXPS
images (a) Carbon, (b) Oxygen, (c) Iron, (d) Chromium, (e) Nitrogen.
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Figure 6.16: iXPS composition map of for spot treated on stainless steel. Helium
gas, 8l min-1, 5 mm stand-off, 15 seconds exposure - (a) carbon, (b) oxygen, (c) iron,
(d) chromium and (e) nitrogen
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Figure 6.17: iXPS Intensity maps of: (a) Carbon at 285.2eV, (b) Carbon at 288.3eV,
(c) Oxygen at 530.1eV and (d) Oxygen at 531.9eV, treated area at different energy
levels
The maps align with the single spot analyses, presented in Figure 6.14, in terms of the
reduction in carbon and then increase in oxygen at the centre. For further analysis
the carbon and oxygen intensity maps are displayed of different binding energies
these are shown in Figure 6.17. The reason for the binding energies selection is that
they are representative of several carbon species of interest such as carbon-carbon
(285.3 eV), carbon-oxygen (288.3 eV), oxygen=carbon (531.7 eV) and the oxide peak
at (530.1 eV).
The processed data shows that there are distinct regions in the treated zone. Closer
inspection of the carbon maps, Figures 6.17(a) and (b), shows that there is a distinct
difference between the two energies. Figure 6.17(a) is the non-polar part of the carbon
contamination which appears to be on top as it is dominant on the surrounding areas.
Figure 6.17(b) shows the carbon map of 288.33 eV, this is the polar component of
the carbon contamination which is more likely to be underneath a layer of non-polar
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carbon contamination, adjacent to the metal oxide at the centre of the treated
spot.
The distribution of different carbon species is confirmed in Figure 6.17 (c) and (d)
which show the oxide/hydroxide and the oxygenated carbon species respectively.
The reduction of carbon in the centre of the treated region is well understood and
has been shown in single spot analyses already reported. The annulus surrounding
the treated area has not been discussed in any previous literature, and so requires
further work and discussion.
There are at least two potential reasons for such an annulus to exist. The first is
that the profile of carbon reduction occurs in a parabolic manner surrounding the
treatment centre. This would expose the different layers of the contamination as
circular bands in plan view. This is schematically shown in Figure 6.18.
Figure 6.18: Showing a possible mechanism for the banding structure of the carbon
contamination, a side view through the layers (left), and a plan view (right). The
representative binding energy for each layer has been included to the left hand side.
A second possible mechanism which may explain this distribution of carbon is that
oxygen from the atmosphere is mixing into the plasma and is being combined with
the carbon contamination layer at the surface. This is a similar process to how
polymers are treated currently with low pressure or dielectric barrier discharge (DBD)
plasma. This would lead to an oxidation of the non-polar layer. The issue with this
mechanism is that there will still be a weakly bonded layer if an adhesive were to be
applied to this and it would be likely that the resulting joint would exhibit reduced
strength.
Of the two mechanisms the seconds appears to be less likely because the close
proximity of the plasma torch to the surface and the amount of oxygen required
to show this difference would not be able to mix with the torch fast enough. This
could be investigated further, in the future, through the use of computational fluid
dynamics. If the mixing of the atmosphere into the plasma is playing a role in the
treatment of the surface then there is a high likelihood that nitrogen will also be
present on the surface. Based on the XPS image in Figure 6.16 (e) there is a marginal
increase in nitrogen towards the centre of the treated area. The signal is not defined
enough to gain any further insights into this however. As the concentration is so
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small ToF-SIMS is a better option for analysis for this. This has been conducted
and is presented in §6.3.6.
To investigate which of these two processes is dominant, the carbon thickness at
each pixel in the XPS image has been calculated, this is shown in Figure 6.19. This
map shows that there is a thinning in the carbon overlayer across the treated region
which suggests the first mechanism discussed above. This does not, however, rule out
oxidation occurring to the carbon remaining. To probe this would require very gentle
etching and analysis using either XPS of ToF-SIMS or angle resolved XPS.
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Figure 6.19: Carbon overlayer thickness across treated area
One question which is not resolved is the method of carbon removal. If it is chain
scission followed by atmospheric dispersal, or a physical redeposition process to the
area surrounding the treated point. If it is the former there will be no issues with
treating two adjacent areas as any carbon will be removed and transported away by
the stream of gas from the plasma torch. If the second mechanism is dominant there
may be an issue with treating two regions which share a boundary as the first area
to be treated may be re-contaminated when the second area is undergoing treatment.
This will be explored further in §6.3.5.5.
An XPS image requires a long acquisition time, Figure 6.19 took in the region of
6.5 days to acquire. The argument for doing this as opposed to conducting a series
of line scans across the treated region is that it allows for the visualisation of the
annuli surrounding the treatment centre, which has revealed information about the
carbon layers on the surface, and the image has be used to calculate the width of
the treated area, which is the focus of the next section.
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6.3.5.4 Measuring the treated diameter
To measure the width of the treated area is challenging as there is a region surrounding
where the carbon changes over distance is non-linear. It is in this region that the
edge of the effective treatment will be, this will be where the wetting of the surface
and the polar functionality is the at an adequate level to enhance adhesion. The
size of this region will be a function of the treatment distance, flow rate and dwell
time.
If one assumes that a water break test illustrates where the surface energy is high
enough for effective wetting of the surface a procedure can be developed to equate
this to the XPS image. A photograph of the wetted area after a sample has been
plasma treated and submerged in water was taken and, using the scale bar in the
image, was scaled to be the same size as the XPS map. This allows an accurate
dimension to be obtained for the wetted area, seen in Figure 6.20 (b).
Figure 6.20 (a) shows the XPS map for the treated area with a truncated data set
ranging from 40 - 50 %At., with a circle of diameter 13 mm superimposed on it.
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Figure 6.20: Showing the methodology for determining the diameter of treatment
using a water break test, (a) Carbon concentration limited to between 40 and
50 At. % and (b) Wetted area after water break test. The green circle is 13 mm in
diameter
From the image it can be seen that the 42-43 At% carbon concentration surrounds
the drop. Overall it is a good match between the superimposed circle and the 42-43 %
colour. Any small deviations in this match can be explained by the torch not being
exactly perpendicular to the surface or to the roughness of the surface which, while
being minimal, is still something that can disrupt gas flow. This can then be used to
establish the width of the treated area by applying a Boolean function to a line scan
across the centre of the treated region.
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This is shown in Figure 6.21 where the carbon concentration line scan across the
treated area has been plot along with the output of the Boolean function.
IF C%At. > 43, x = 1,
else x = 0
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Figure 6.21: Carbon concentration across treated area with result of the Boolean
expression superimposed on it to show where the concentration is below the
threshold
The output from shows that the concentration is below 43% between 3.2 mm and
15.5 mm. This leads to an initial estimate of the treated region of 12.3 mm in diameter.
This aids the development of a path for the treatment of lap shear samples.
The above value is the result of a 15 second dwell time on a single spot. This may
not be the case for large treated areas of substrate. For this, the plasma torch will
be moved over the surface and therefore the treated area may be different. This is
the focus of the next analysis.
6.3.5.5 Investigating different treatment parameters
Development and analysis of a complex treated path
To analyse the relationship between stand off distance, torch speed and the level of
treatment a 50 mm by 50 mm sample was cut and treated using a range of different
parameters which are shown in Table 6.8. The layout of these treatments has been
shown in Figure 6.22.
These treatment parameters have been selected to investigate certain aspects of the
treatment in an efficient manner the specific regions are described below:
Section 1 is analogous with how lap shear samples have been treated. This is to
ensure that there is adequate treatment over the entire area of the bonded area in
lap shear tests.
Section 2 to 4 is only investigating the speed of treatment, the aim is to investigate
the relationship between the torch speed and the width of the treated area and
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Figure 6.22: Planned treatment regime for parameter trial map, section 6 is the only
section where the height is varied.
see if reducing the exposure time changes the amount of carbon removed from the
surface.
Sections 5 and 7 are both part of the cross over point this is to investigate if there
is any recontamination of the previously treated area. The same parameters as
section one have been chosen as understanding this parameter set would help better
understand the level of treatment that the lap shear coupons have had to date.
For section 6 the stand off distance was varied. For this section the torch was moved
down to 2 mm gap and then over the 30 mm lateral movement the torch will move
up a gradient to a gap of 8 mm. While this will not allow for exact measurement of
the distance and it’s effects it will allow for general comment to be made about the
distribution of elements at different distance estimates.
Table 6.8: Treatment parameters for each section in Figure 6.22
Treatment section Speed (mm min-1) Stand off distance (mm)
1 160 5
2 750 5
3 450 5
4 250 5
5 160 5
6 160 2 to 8
7 160 5
The spacing of the speed trials, section 2 to 4, was based on the data presented in
§6.3.5.4 in conjunction with the assumption that the dwell time for each treatment
leg would be considerably less leading to a reduced treated width. Using a treated
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diameter of 12.3 mm as estimated from the previous experiment the dwell times for
each speed are shown in Table 6.9.
Table 6.9: Dwell time for each treatment leg
Speed (mm min-1) Dwell time (s)
750 0.90
450 1.5
250 2.7
Based on the fact that the area of effect of the plasma torch is circular, the substrate
along the centreline of torch direction will be exposed to the calculated dwell time
according to Table 6.9 but the substrate off the centreline will experience a reduced
treatment time, this will follow an inverse square perpendicular to the direction of
travel. For this reason it was assumed that the treatment lines could be positioned
closer together than the derived width of the plasma treatment in the previous
section.
The aim of the this analysis is to investigate the relationship that speed and distance
have on the level of treatment. The analysis XPS parameters are shown below in
Table 6.10.
Table 6.10: Parameters for second XPS map analysis
Parameter Value
Radiation Monochromatic Al Kα
Spot Size (diameter),µm 400
Analysis type Snapshot
Elements analysed C1s, O1s, Fe2p, Cr2p
Area (X Y),µm 45299.8, 45432.6
Step size (X, Y),µm 1006.66, 1009.61
Number of pixels (X Y) 45, 45 (2025 total)
Analysis time ≈5 days
The step size has been increased from the single spot analysis because a larger area
is being analysed. This decision was made to reduce the duration of the scan to be
more manageable. The maps acquired in this experiment are shown in Figure 6.23.
The black oval in Figure 6.23 (a) outlines a scratch that was on the surface and can
be seen in all of the maps.
The maps show a similar pattern to the one shown in Figure 6.22. Segment 1 of
the treatment conducted shows that the bonded region could not be improved as
there is little variation in the level of carbon and, looking at the other maps in the
Figure 6.23 the elements appears to be uniform. This reinforces the hypothesis that
any bond strength improvement is at least partly a result of the surface chemistry
change brought about by the plasma treatment as the surface chemistry appears to
be reasonably homogeneous..
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Figure 6.23: iXPS composition of: (a) carbon, (b) oxygen, (c) iron and (d)
chromium composition for the complex treatment path experiment, acquired on the
Theta probe. The black oval in Figure (a) is a scratch which is present in all of the
images.
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The speed trials appear to have had a similar effect on the level of carbon which
initially implies that the rate of treatment is very quick. To explore this further a
line scan was taken perpendicular to each of the speed trial lines. This can be seen in
Figure 6.24 the region numbers have been included so to see the relevant treatment
zones.
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Figure 6.24: Linescan across sections 1 to 4 of multi parameter treatment
Using the line scan and the same methodology as §6.3.5.4 a treated width can be
calculated for each of the treatment speeds. As the lines were too close together, this
is expected to underestimate the treatment width. The thresholding value for the
boolean expression is 40 At.% which is more stringent than the 43 At.% using in
§6.3.5.4 The results for this are presented in Table 6.11.
The earlier assumption about the width of the treated area reducing with a large
reduction in treatment time appears to have been incorrect, although there is some
variation in the widths shown in Table 6.11. This implies that the speed of treatment
can be increased fairly substantially at little impact to the degree of treatment
achieved.
Table 6.11: Results of the treated width calculated for differenet treatment speeds
Section Width (mm)
2 10.1
3 10.0
4 11.1
The slowest torch speed produced a treated width similar to that derived in 6.3.5.4.
This indicates that there is a maximum width that can be treated using this torch
and that this is achieved in a treatment time of 2 - 2.5 s.
While the treated area was insensitive to the speed of the plasma torch over the
surface, the maps in Figure 6.23 show that the torch stand-off distance has more of
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an effect on the treatment width. Furthermore, a similar analysis to §6.3.5.3 can be
done to determine if there is a relationship between the stand-off distance and the
carbon/oxygen annulus.
Figure 6.25 shows the carbon and oxygen intensity along treatment leg 6 with similar
energies to those shown previously in Figure 6.17. While the distance along the map
is not exact an estimate can be made as the beginning and end points are known
and the gradient is constant. These have been included on the map below to show
different treatment distances.
(a)
0 10
0
20
40
position (mm)
p
os
it
io
n
(m
m
)
80
100
120
Counts
(b)
(2mm)
(5mm)
(8mm)
0 10
0
20
40
position (mm)
p
os
it
io
n
(m
m
)
45
50
55
60
Counts
(c)
0 10
0
20
40
position (mm)
p
os
it
io
n
(m
m
)
100
150
200
250
Counts
(d)
0 10
0
20
40
position (mm)
p
os
it
io
n
(m
m
)
200
250
300
Counts
Figure 6.25: XPS intensity maps of segment 6, varying the stand-off distance and.
At the top is a cross over point: (a)Carbon at 285.1 eV, (b)Carbon at288.2 eV,
(c)Oxygen at 529.9 eV and (d)Oxygen at 531.5 eV
These maps show that the annulus, first seen in §6.3.5.3 is still present when the
stand-off distance is small but when the torch is moved further away there is a
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reduction in the diameter of annulus. The overall treated area, however does not
appear to change at the same rate. This implies two things.
The first is that the distance from the torch to the substrate is critical if a consistent
surface treatment is the desired outcome. From the data available it is evident that
a stand-off distance between 2 and 6 mm provides a similar treatment based on the
level of carbon. Increasing this beyond 6 mm however and the level of carbon rises
substantially indicating an under treated surface. For this project this observation
does not have an impact as the distance is easily controlled over flat plates of material
however if this were to be implemented in an industrial process care would have to
be taken into account when programming and monitoring the torch path to ensure
the gap is kept constant.
The second is that the treated area appears to be dependent on the distance between
the torch and the substrate. The effect the annulus has on adhesive bonding is not
currently known as the treatment for the lap shear samples was all conducted using
a stand-ff distance of 5 mm. This was conducted at a constant flow rate and may
also have an impact on the treatment area.
Impact on treatment of varying stand-off distance
To further this analysis some XPS images of static treatment spots were acquired to
compare the level of treatment for different stand-off distances. Figure 6.26 shows
the carbon maps for four distances using the same scale on the colour bar to allow
for direct comparison, for this analysis the 5 mm value has been reused from the
original data presented previously in §6.3.5.3 this was to reduce the analysis time
and allow for an extra step to be included. The treatment parameters were the same
for all, only different in date obtained.
Based on the carbon maps shown in Figure 6.26 there are some differences in the
treated areas but generally the 2 and 5 mm stand-off distance appears to have a
similar treated area and the 8 and 10 mm has a reduced treated area. Interestingly
the 2 mm has the most uniform carbon concentration profile across the treated area
by a considerable margin this is most likely a result of the increased mixing of the
atmosphere into the plasma when the torch is moved further from the substrate.
From the figures presented the yellow surrounding region, indicating a carbon
concentration of 60-70%At. is of interest as the stand off distance is increased. It
appears that this area increases in diameter with stand-off distance. In Figure 6.26
(a) the yellow region is circa 20 mm in diameter whereas when the stand-off distance
is increased to 10 mm in Figure 6.26 (d) the orange region appears to be larger than
the analysed area by a fairly considerable margin. This implies that there is still
some activity occurring in the plasma at these stand-off distances and the area is
also larger, most likely a result of atmospheric mixing.
The minimum level of carbon at the centre of the treatment appears to be relativity
consistent for Figures 6.26 (a) to 6.26(c) which a value of 30 - 35 %At. where as
when the nozzle was raised further from the surface this increased to 45 - 50%At.
this increase is significant in terms of surface chemistry but unfortunately the impact
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Figure 6.26: iXPS carbon concentration maps of carbon showing effects of stand-off
distance. 2 mm nozzle, 8 l min-1, 15 second treatment: (a)2 mm, (b)5 mm, (c)8 mm,
(d) 10 mm
this has on the bond strength is not known. As there is an increase in carbon
concentration at this distance it could be inferred that the bond strength would not
be increased to any degree as this would still act as a weak boundary layer.
It is also not known if increasing the treatment time of these treatments would lead
to a treatment similar to that of 2 mm stand-off distance, or if the 2 mm stand-off
distance can achieve this level of treatment in fewer than 15 seconds, this is a
potential consideration for any optimisation.
To further study these treatments the same analysis was conducted on these maps as
in §6.3.5.3 and the relative intensities of carbon and oxygen were plot using different
binding energies. These plots are shown in Figures 6.27 and 6.28 respectively.
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Using a relative intensity allows for a comparison between the treated spot and the
surrounding area. as there can be differences in the untreated surface, this allows for
a qualitative comparison to be made between treatments.
The carbon maps for these two energies demonstrate the differences of C-C and C=O
bonding around the treated area. It appears that the non-polar carbon is removed
effectively for the closer treatments but when torch is 10 mm from the substrate the
treatment is less effective. This is reflected by the reduction in the 285.3eV peak
intensity and the increase in the 530.1eV peak in the oxygen spectra.
The trends in the polar carbon are interesting, the dimensions of the annulus, which
was observed in the previous section and is shown here again in the 5 mm stand-off
distance figures, appears to be dependant on the torch to substrate distance for these
settings. It appears that the torch was not exactly perpendicular to the substrate for
these treatments as there is some considerable asymmetry to the annulus on some of
the figures.
For the low stand-off distance treatments the plots appear to fit together well and
the annulus surrounds the treated area and area of minimal carbon well. As the
stand-off distance is increased the C-C reduction is not as pronounced but the C=O
appears to increase in intensity. This indicates that there is a significant oxidation
of the carbon overlayer present which leads to the conclusion that the hierarchical
nature of the carbons overlayer is not as well defined.
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Figure 6.27: iXPS relative intensity maps of carbon showing effects of stand-of
distance. 8 l min-1, 15 second treatment, 2 mm nozzle diameter. Left column is
285.3 eV, right column is 288.3 eV. Top to bottom: 2, 5, 8, 10 mm stand-off distance
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Figure 6.28: iXPS relative intensity maps of oxygen showing effects of stand-off
distance. 8 l min-1, 15 seconds exposure, 2 mm nozzle diameter. Left column is
530.1 eV, right column is 533.3 eV. Top to bottom: 2, 5, 8, 10 mm stand-off distance
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Impact on treatment of varying nozzle diameter
For this process to be industrially viable an understanding of the treated area is
needed. This has been gained from the aforementioned maps and measurements
made using the water break test. Another area of interest that was considered for
this project is changing the diameter of the nozzle. To do this four adaptors were
machined that each had a single hole in the centre and were able to fit into the
current torch. The diameters of the holes are 2 mm, 1 mm, 0.5 mm and 0.2 mm.
Changing the diameter of the nozzle will have several effects. It will throttle the
plasma meaning that to have the same flow rate for all the experiments will require
a higher pressure in the nozzle chamber, this may change the plasma composition.
Reducing the nozzle diameter from 2 mm will increase the plasma velocity exiting the
ignition chamber in the torch. This may or may not have an effect on the effective
range. Finally, it is anticipated that a correlation between the treated area and the
nozzle diameter may be observed.
Figure 6.29 show the carbon maps for 316 stainless steel treated with the 4 nozzle
plates.
All of the treatments were conducted for 15 seconds with a 5 mm stand-off distance
and all flow rates were 8 l min-1 apart from the 0.2 mm nozzle which was 3.5 l min-1
as this was the maximum flow rate that could support a stable plasma.
Figure 6.29 shows that there is a correlation between the nozzle diameter and the
treated area. A line scan across the carbon maps for each of the nozzles can be seen
in Figure 6.30. The location of the line scan has been included in each image shown
in Figure 6.29.
Using the same method and threshold criteria as in §6.3.5.4 the treated width for
each nozzle diameter was calculated using the data from Figure 6.30. The results of
this are presented in Table 6.12
Table 6.12: Treatment width for each nozzle tested
Nozzle diameter (mm) 0.2 0.5 1.0 2.0
Treated diameter (mm) 1.6 7.2 7.2 8.0
The 2 mm diameter result in these data is a duplication of the test performed in
§6.3.5.4 but the results differ by 4.4 mm. This is a relatively large difference in the
treated diameter. The most probable cause of this difference is the nozzle itself. For
the plasma torch to have interchangeable nozzles the torch was changed to allow for
face plates to be used with different holes in. By doing this the path that the gas
takes has been modified slightly. This may have the effect of focussing the gas flow
more onto a single point rather than allowing it to diffuse faster. To investigate this
further would require extensive CFD to be performed to fully understand the gas
stream and how it interacts with the surface.
The carbon profile across the treated area shows that all of the nozzles reduce the
carbon concentration from ≈ 60% At. at the edges to ≈ 30% At. at the centre of
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Figure 6.29: iXPS concentration maps of carbon showing effects of nozzle diameter
(a)0.2 mm, (b)0.5 mm, (c)1 mm and (d)2 mm. 5 mm stand-off distance, 8 l min-1, 15
second treatment
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Figure 6.30: Carbon concentration across the XPS images comparing different
nozzle diameters
each of the treated areas. Interestingly the profile of the 2.0, 1.0 and 0.5 mm nozzle
was the same for each. The 0.2mm nozzle is significantly different. This may be
a result of the nozzle diameter or the reduced gas flow rate that was used for the
test, unfortunately the data obtained in the experiment cannot provide a conclusive
answer on which of these is the more dominant in the treatment of a surface.
The XPS images and data shown for the differing nozzle diameters all appear to
show that the treated area is similar. For an accurate comparison the 0.2 mm nozzle
has to be discounted as the treated was conducted using a lower gas flow rate. This
may ultimately be what the treated diameter is reliant on, which was not expected.
The degree of treatment has not changed much across all of the treatments which is
advantageous for an industrial process and also has parallels with the other analyses
conducted in this project.
As this work is focussed on enhancing the structural adhesive bonding of metal
substrates in industry this analysis only demonstrates that there is a maximum to
the treated area for the current setup. To increase the treated area further would
need a different design for the plasma torch which is not the focus of this project
and therefore not pursued. The mechanical properties of the surfaces treated with
smaller nozzles was also not explored as it can be assumed that the surfaces will be
equal and therefore react in a similar manner. The only difference will be that the
treatment time for the smaller nozzles will be longer per sample.
While the removal of the carbon overlayer is advantageous for the adhesive bond
strength this may be done in conjunction with another mechanism such as a growth
in of the oxide layer. This is the focus of the next section.
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6.3.5.6 Depth profile
Introduction
There has been a large amount of XPS data presented so far in this work that
demonstrateing that there is a significant amount of change at the surface when it
is plasma treated. These changes have mostly been a reduction of the carbon layer
and an increase in the oxygen concentration. In the published literature which uses
XPS the increase in oxygen was generally explained by a development of the oxide
layer, as already explained in this thesis this may not be the case. For this reason an
XPS depth profile was carried out on a plasma treated stainless steel sample with
the focus being to compare the oxide thickness pre and post treatment.
The parameters for the depth profiles performed in this work were kept the same
for both materials. These were an acceleration energy of 2keV with a raster size
of 1.5 mm. The standard for etch rates is Ta2O5 which has been used during the
calibration of the instruments. These setting have been shown to etch at 0.3µm s-1.
Some work has been done to link this to other materials which some success. As
there is not yet an agreed conversion the values will remain as etch time. (Simpson
et al., 2017).
Results
The depth profiles were carried out using an etch step of 10 s and every 10 steps
a survey was acquired to give an overview of the sample and allow for any further
analysis to be undertaken if required.
Figure 6.31 shows the set of survey spectra for the depth profile performed on 316
stainless steel sample treated with an argon/air plasma for 60 s.
The survey spectra show that there is not much carbon on the surface at the beginning
of the analysis, this is because of the long plasma treatment. The oxygen peak is
pronounced also indicating that there is a large amount of oxygen at the surface
which is what lead other investigators to believe that there was a development of the
oxide layer.
The spectra acquired for this experiment are of a good enough standard that they
can be used to quantify the chemistry at the surface during th experiment. This has
been done for the data presented in Figure 6.31 , the quantified data is presented in
Table 6.13
The quantification data shows that after 100 s of etching the carbon has been
completely removed and all that remains is the metal oxide surface. The oxygen
increases, which is the result of removing the carbon overlayer which is suppressing
the oxygen electrons.
Interestingly the inorganic contaminants, fluorine and sodium, were not removed by
a 60 second exposure to the CAP plume. This indicates a limitation to the CAP
system, or at least the argon/air CAP system. It is not known if the inorganic
contaminants will have a negative impact on the joint strength, it can be assumed
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Figure 6.31: Survey spectra showing a depth profile through the plasma treated
region on stainless steel. The etch time increases from bottom to top.
that there will have been some present on the surfaces used in the tensile testing
experiments which all performed consistently. This means it is likely that the levels
present on the samples will not reduce the joint strength and it can therefore be
ignored in this work.
Alongside the survey spectra a series of high resolution spectra were acquired at etch
steps of 10 s, these are displayed in Figure 6.32. These spectra show how the oxide
changes over the course of the experiment. At the beginning the iron and chromium
peaks, Figures 6.32 (c) and (d) respectively, are dominated by higher binding energy
peaks. These represent high levels of oxidation of the two metals, i.e. Fe2O3. As the
surface is etched by the argon ions the oxide peaks move to lower binding energies,
representing lower oxide levels, and simultaneously the native metal peak of both iron
and chromium, 706 eV and 574 eV respectively, begins to increase in intensity.
A simple method for comparing the oxide thickness of the samples is to plot the peak
area of the iron and oxygen against the etch level. This then allows for a comparison
of the cross over point, a thicker oxide layer will require more etch levels to reach
the cross over point.
The graphs in Figure 6.33 show the results for the oxygen and iron peak area
comparison for the four samples analysed in the experiment. The cross over point
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Table 6.13: Quantification of depth profile on 316 stainless steel treated with an
argon/air plasma for 60 s
Etch time (s)
Element _ 0 100 200 300 400 500 600 700 800 900
Carbon 35.1 3.4 3.8 4.0 4.1 3.5 4.7 4.7 4.2 4.3
Oxygen 50.0 57.6 43.0 32.8 30.2 29.0 27.0 26.9 26.5 25.6
Iron 7.2 21.1 36.9 50.4 53.3 55.0 55.7 56.8 57.1 57.5
Chromium 2.6 13.0 12.5 9.1 8.7 9.0 8.9 9.0 8.8 8.9
Nitrogen 1.9 2.0 1.5 1.3 1.0 1.2 1.0 0.7 0.8 0.9
Molybdenum 0.6 0.9 1.1 1.4 1.3 1.4 1.4 1.4 1.4 1.4
Flourine 1.0 1.4 0.5 0.3 0.4 0.3 0.5 0.1 0.3 0.4
Sodium 1.6 0.6 0.7 0.7 1.0 0.6 0.9 0.4 0.9 1.0
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Figure 6.32: Depth profile on 316 stainless steel after a 60 second treatment of
argon/air plasma, 5 mm stand off distance, 8 l min-1. (a) carbon, (b) oxygen, (c) iron
and (d) chromium.
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Figure 6.33: Comparison of iron and oxygen peak areas for 3 plasma treatment
times, 5 mm stand off distance, 8 l min-1. (a) untreated, (b) 15 seconds (c) 60 seconds
and (d) 120 seconds
for each of the specimens occurs at 70, 100, 150 and 140 for the untreated, 15 s, 60 s
and 120 s respectively. These data illustrate two aspects of the treatment well.
The first is that there is an increase in the oxide layer during the treatment. This
experiment cannot be used to quantify the depth of the etch levels at this stage,
but each of the etch levels should remove the same amount of material therefore it
appears that a CAP treatment of 60 s doubles the oxide thickness from the untreated
state.
The second is that there is a limit to the thickness of the oxide growth. This is self
limiting by the availability of oxygen at the metal interface. This implies that there
is a self limiting factor to the oxide growth. Currently it is not known if the oxide
growth at these treatment times is beneficial to adhesion or detrimental.
The experiment itself can be considered reliable, the slight reduction in etch level
between 60 and 120 s can be explained by the etch crater not being at the absolute
centre of the treated area as the positioning of the samples in the instrument is
difficult without any markers on the surface. This work, however, raises another
128
CHAPTER 6. STAINLESS STEEL
question which has not been answered: where in the plasma plume is the oxide
growth greatest? these samples were treated with argon/air plasma and so there
would be oxygen present at the centre of treatment. The mixing of the ambient
atmosphere however may also have a role in the oxide development and how it
developed across the treated region.
To gain a further understanding of the impact of CAP on a stainless steel surface
ToF-SIMS was conducted with a the aim to investigate the interaction of the plasma
and the environment. This is the focus of the next section.
6.3.6 SIMS
6.3.6.1 Introduction
ToF-SIMS has been use to investigate two aspects of the plasma to try and gain a
better understanding of the CAP process:
The first, presented in this section is the analysis of a surface treated with humid
argon plasma. The humidity is provided by either H2O or D2O. This is to see if
firstly the increased moisture in the plasma will enhance the polar species on the
surface and also to try and better understand the mixing occurring in the plasma
plume with the atmosphere. The second reason is to investigate if the atmosphere is
critical for the treatment. By doping the plasma with 20 %RH D2O the surface can
then be analysed with the aim of see if there is an deuterated species present. An
increase in non dueterated species implies that the atmosphere is also an influencing
factor.
For this experiment the 316 stainless steel samples were treated for 15 s on a single
location. A line scan of spectra were then acquired using a 100×100µm square at
1 mm intervals from the centre to the edge of the treated area. At each point two
positive and two negative spectra were acquired. This analysis itself is challenging
as the difference between H2 and D masses is 0.0017 u which is below the mass
resolution of the instrument. To overcome this issue it may be possible to search for
peaks which represent ions that comprise of multiple deuterium atoms or peaks that
are the aggregate of several deuterium/hydrogen combinations.
A series of samples were also imaged using the ion-ToF5 system which uses stage
rastering to move the sample under the ion beam while analysis is underway. At each
pixel an entire spectrum of data is recorded from 0 to 800u˙. From the spectra an
image can be produced fo any of the peaks using the ion-ToF software. The reason
for doing this is to gain a further insight into the nature of the surface. While a large
amount has been from the use of iXPS there is a limit to the data. ToF-SIMS is
able to detect lower concentrations of elements at the surface and also has a higher
resolution allowing for more detailed images, compared to XPS, to be acquired.
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6.3.6.2 Results
Deuterium doped plasma investigation
An example of a negative spectrum acquired at a point on the line scan is shown
in Figure 6.34. A note to the reader, the y axis scale changes for the higher mass
spectrum, therefore a direct comparison in intensity is not immediately possible. The
hydrogen peak dominated the spectra, this is common for SIMS as a result of the
hydrocarbon contamination existing on the surface of the sample. Also associated
with the contamination is many of the additional peaks, which are groups of carbon,
hydrogen and oxygen in different configurations. These will be the focus of the
subsequent work in this section.
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Figure 6.34: ToF-SIMS spectra of stainless steel treated with humid argon (D2O)
plasma. 5 mm stand off distance, 8 l min-1, 15 s exposure
Figure 6.35 shows a section of the positive spectra acquired during the experiment.
This area contains several peaks that are deuterated hydrocarbons and a single
hydrocarbon peak so allows for a comparison between the treatments to be made.
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As the peaks that contain the deuterium are so close together there is an aggregation
of the intensities which generate a slight broadening of the peak. This leads to
the uncertainty of exactly which hydrocarbon species are present at the surface.
Despite this it is clear that the surface treated with the deuterated humidity has
a significantly higher peak intensity and therefore it is highly likely that there is
deuterium on the surface. Table 6.14 shows the masses for the relevant peaks in
Figure 6.35.
Table 6.14: masses for deuterated hydrocarbons present in Figure 6.35
Chemical formula C3D2
+ C3H2D
+ C3H4
+
Mass (u) 40.0280 40.0297 40.0313
39.9 39.95 40 40.05 40.1
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Figure 6.35: The 40u mass ToF-SIMS spectra at different distances from the centre
of the treated region on a stainless steel sample treated with humid argon (H2O),
(a), and humid argon (D2O), (b).
ToF-SIMS imaging of treated area
Samples were treated using different plasma combinations and then images were
acquired of the treated area. As the ion-TOF5 acquired a full spectrum at each
pixel it is possible to rebuild the images using any of the peaks in the mass range
acquired.
As this investigation is focussed on the interaction of the plasma plume and the
atmosphere the peaks that are primarily of interest are nitrogen, oxygen and carbon
containing, two sets of images containing these elements are shown in Figure 6.36.
Figure 6.37 shows the effect ToF-SIMS image for CrO3 and OH
-, this is useful to
see how the radius of the exposed metal compared to the hydrocarbon and nitrogen
containing peaks in the previous images.
Based on these images there are some interesting findings with regards to the CNO
containing peaks. The annulus, similar to that found in the XPS spectra is not likely
to have already been present on the surface prior to treatment. The inclusion of the
131
CHAPTER 6. STAINLESS STEEL
nitrogen in all three samples implies that there is some degree of mixing between
the atmosphere and the plasma plume. It would be expected that the argon/air
treatment, shown in Figure 6.36 (e) and (f), may enhance these species the most
on the surface. The annulus is larger for this treatment however. As all of these
samples were treated with the same treatment settings this is likely to be a result of
the plasma composition induced by the different inlet gas mixture.
The additional images showing the chromium oxide demonstrate that there is not a
significant difference between the three plasma treatments. The argon/air plasma
treated area appears to be slightly larger and has a more well defined edge compared
to that of both the argon and the humid argon. This is beneficial to the future of
this work which will focus on the optimisation of the process.
The right hand side of the pure argon images are the edge of the sample. This does
not reduce the quality of the spectra acquired for the remainder of the treated area
and still allows for a comparison of the treatment area along the Y axis.
These images raise the issues of the interaction of the plasma with the substrate. If
the formation of the nitrogen rich rings follows that of the annuli seen in the XPS
images then moving the torch further away from the substrate may cause the annulus
to reduce in diameter and cover a larger area. It is not currently know if this would
be beneficial to the adhesive bond strength of a joint.
A final set of images, presented in Figure 6.37, shows the OH- distribution surrounding
the treated area. This is included as it was originally thought that doping the inlet
gas with humidity would increase the amount of hydroxyl compounds on the surface.
These are beneficial to bonding as they are polar and provide a location for adhesives
to bond to the substrate. The images acquired show that the inclusion of the humidity
in the inlet gas did indeed promote the addition of hydroxyl groups at the surface
compared to including air in the plasma plume. However, the intensity of the OH
peak across the image is at parity with the pure argon treatment although it does
appear to have treated a larger area.
There is an interesting aspect of the OH- images for both the pure argon and the
humid argon. There is an annulus of slightly reduced intensity surrounding the
treated area. This does not coincide with the CNO- images shown previously. The
reason for these annuli is not known, it may be an effect of the plume interacting
with the flat surface and causing a stagnation point which will have an increased
pressure compared to the gas flow surrounding it. This will then act to divert the
plasma gas flow from the centre. Another theory is that it is linked to the heat
transfer from the plume to the surface, this has been the focus of published research
and appears to be a function of the nozzle diameter and the stand off distance (O
’donovan, 2005). The only issue with this explanation for the CAP plume is that the
gas stream is much less hot that that described in the research.
This concludes the surface analysis of the CAP treated stainless steel. Based on it
there are several reasons for the increase in bond strength, recorded using the single
lap shear test, and also some scope to further optimise the process. The subsequent
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Figure 6.36: ToF-SIMS images showing the distribution of CNO- (left column) and
N2OH- (right column) around an area treated with argon, humid argon 20% (H2O)
and argon/air (top to bottom). 5 mm stand off distance, 8 l min-1, 15 s exposure
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Figure 6.37: ToF-SIMS maps showing the distribution of CrO3
- (left column) and
OH- (right column) around an area treated with argon, humid argon 20% (H2O)
and argon/air (top to bottom). 5 mm stand off distance, 8 l min-1, 15 s exposure
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sections consider the tensile test itself and the additional information that can be
gained from analysing the failure surfaces and other geometrical measurements.
6.3.7 Failure surface analysis
The failure surface analysis of 316 stainless steel joints was carried out according to
the methodology described earlier in §4.1. The samples were baked and photographed
after testing. For simplicity, the results of the best performing joints are shown in
this section, these are the same samples that were shown in Figure 6.4.
The data obtained from this investigation is the fractal dimension of the adhesive
after the failure and the percentage of cohesive failure. These values can be plot
against any of the values that have been obtained in this project such as the;
 ultimate failure stress or load
 bond displacement as described in §3.3.2.2
 joint angle as described in §3.3.2.1
An unforeseen consequence of developing this system is over producing data. Cur-
rently there are 7 different data points for each tensile test specimen. These are
captured before and after the joint is tested. This means that there are 15 compar-
isons that can be made per sample. As this work has not been done in this way
before all of the comparisons were made and analysed but only a selection will be
shown in this chapter, these were chosen based on the correlation presented by the
data and whether they enhanced the knowledge around the process further. The
results of these analyses will be presented in the next two sections.
6.3.7.1 Extent of cohesive failure
Figure 6.38 shows the extent of cohesive failure calculated, using the method described
in §4.1, plot against the failure load. The data implies that there is a positive
correlation between the failure load and the cohesive failure percentage. This is
understandable as a 100% cohesive failure would be entirely dependent on the
adhesive, or substrate, and therefore the joint would be as strong as the constituent
materials themselves. There are some outliers in the data, these can generally be
explained by observing the saved images from the MATLAB routine and may be
erroneous results. For example the outlier highlighted in Figure 6.38. The processing
figures for this sample are shown in Figure 6.39. It is clearly visible that the algorithm
for converting the photo from colour to binary has issues with this image. This is
most likely because the reflection at the top of the sample skews the histogram and
thus renders the algorithm inadequate.
While this, in itself, is a disappointing result it does not negatively impact the results
a great degree as there are so many data points and this error appears to be isolated
to only a handful of them and can be counted as noise in the results. For future work
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Figure 6.38: Failure stress against percentage of cohesive failure for adhesively
bonded stainless steel
there is scope to improve the MATLAB routine to include some quality assurance
and error checking but this was not possible during the current work.
If there were fewer samples per data set for this analysis this problem could be a
considerable issue but as the dataset is relatively large the analysis can continue
without any serious implications.
Another issue that was noticed when the data was first processed is that some of
the cohesive failure results ended up with a negative value. This is an impossible
outcome as the minimum should be 0%, which would signify a 100% interfacial
failure. The lowest result however was -6% and considering the error range that is
possible with cohesive failure analysis this is expected. The data set was truncated
to ignore any value under 0% cohesive failure, this removed 7 points across the 300
that made up the entire dataset.
As previously discussed in §4.1.5.4 the standard deviation for the estimation by eye
was far larger than for this system, so although there may be some error in the
results it can be considered consistent between users, which is an advantage for this
method.
6.3.7.2 Fractal dimension
Figure 6.40 shows the fractal dimension (FD) plot against the failure load for each
of the samples in the subset under analysis.
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Figure 6.39: Example of the outlier labelled in Figure 6.38. The left column are the
failure surface photographs used for the analysis after cropping. The right column
are the images used for the calculation of the cohesive failure percentage
Like with the failure stress/cohesive failure percentage data presented there appears
to be a positive correlation between the FD and the failure load. This is a less obvious
to understand. The maximum FD for a single surface is 2, this occurs when the
surface is entirely comprised of adhesive and therefore the image under analysis will
be a entirely white. As an adhesive joint comprises of two failure surfaces the data
presented here is an average for both faces in the sample. Therefore the maximum
FD is still 2, this would occur when both faces are entirely covered with adhesive.
This result would also mean that the failure was 100% cohesive.
At the other end of the scale is a FD of 1, this occurs when one sample has a FD of
2 and the opposite face would have an FD of 0. This would mean that the sample
failed entirely at the interface and therefore would be characterised as 0% cohesive
failure.
Therefore the cohesive failure and the fractal dimension are linked based on the joint
failure. While this may appear to be trivial in terms of analysis it is actually an
advantage to have these linked as it can act as a quality assurance measure. If, for
example there were some samples that were truly outliers on the plot this would act
as a signal to revisit the data processing of these as there may have been a mistake
when acquiring the initial photos, or the thresholding algorithm has failed to give an
adequate result. This could even be built into the routine itself and a deviation from
this trend could be used to provide an error value for each result.
The final graph from these three values is the FD plot against the failure load. This
is shown in Figure 6.41.
Overall this set of data appears to have a positive correlation. This again can be
explained by the limiting factor of the joint moving from the interface to the bulk
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Figure 6.40: Fractal dimension against the percentage of cohesive failure for
adhesively bonded stainless steel
properties of the adhesive. The data appears to be grouped along the x-axis, this is
a result of the algorithm used to calculate the FD limiting the output to two decimal
places.
Considering that the potential range of the FD is from 1 to 2, the samples all
exhibited an FD covering about 10% of this range. This is an interesting finding
and, if linked to the bond preparation, further proof that the samples have been
manufacture and tested with a high degree of consistency.
6.3.7.3 Verifying the failure mode using imaging methods
One important consideration with this analysis is the true nature of the failure. The
reason for developing this method is to try and improve the reliability of the test
method which currently is the by eye method. Both methods may be inherently
flawed as the minimum detection limit may be too high to detect very thin layers of
adhesive.
To probe this SEM imaging was used to acquire an image of the failure surface at
increasing magnifications. This could not be done for all of the samples, as a result
of the analysis time ,so ten were selected which represented the overall population,
these included samples that had and had not been grit blasted. Figure 6.42 shows
both failure surfaces of a grit blasted sample at 35x magnification.
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Figure 6.41: Failure stress against fractal dimension of the adhesive for adhesively
bonded stainless steel
(a)
(b)
Figure 6.42: Backscattered image of a stainless steel failure surface at 35x
139
CHAPTER 6. STAINLESS STEEL
Table 6.15: Table of cohesive failure of a sample measured two different scale images
Method SEM 35x SEM 100x
Cohesive failure (%) 37.7 40.3
Pixels mm-1 135 1659
To investigate if there is a relationship between the magnification a study was con-
ducted on a single sample. A backscattered image was obtained with a magnification
of 35x and 100x and the results compared. One sample was chosen as the 100x image
comprises of 2500 images. This took 1.5 days to acquire and process making repeats
of the test unviable. Table 6.15 shows the extent of cohesive failure calculated for
this sample at 35x and 100x. This technique produce a 2.2 gigapixel image for both
of the failure surfaces. For processing, the image was divided in half ad processed
separately using the MATLAB routine. As a result of this the fractal dimension
could not be calculated. The results for the adhesive and metal pixels could then
be aggregated and the overall extent of the cohesive failure could be calculated. As
this was the case the fractal dimension could not be determined for this image. The
number of pixels per millimetre have also been included to give an indication of the
’measuring distance used in this methodology.
The increase in cohesive failure means that the 100x imaging method detected more
adhesive on the surface that was most likely under the minimum resolvable size
for the 35x image. This reinforces the axiom that the fracture surface is fractal.
Increasing the resolution further would be likely to increase the cohesive failure
further. The reduction in the measuring stick in this work was over a factor of ten
but the increase in the cohesive failure is less that 10%. For reference the number
of pixels for the photographs used in the bulk of this work had a resolution of ≈
100 pixels mm-1.
6.4 Discussion
6.4.1 Surface free energy and tensile testing data
The results show that the plasma treatment of stainless steel is a complex process.
The large body of experimental work shows that there are significant changes in
the water contact angle, surface chemistry and that the atmosphere in which the
treatment is conducted also has an influence.
Overall the surface free energy results did not provide any beneficial data for under-
standing the process but did indicate that there is an obvious change at the surface
induced by the plasma treatment. The plateau of the surface free energy is a result
of a limitation of the experiment but did demonstrate that the treatment is relatively
insensitive to changes in gas combination. The reason for the change in surface
free energy cannot be determined from this experiment as it could be a result of
the carbon overlayer being oxygenated, thus increasing the polar component of the
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surface free energy. Or the carbon being removed and the metal oxide surface being
exposed.
The most useful data obtained over the course of the project is that of the XPS and
tensile testing combined, this shows that there is an increase and that it is likely
to be a result of the carbon reduction, allowing for good wetting of the surface by
the adhesive, and also an increase in the polar containing oxygen species such as
-OH, -COOH, and -O. These play a role in increasing the bond strength between the
adhesive and the chromium/iron oxide layer.
Changing the plasma composition did not impact the results as much as anticipated
in terms of bond strength, there were a large selection of plasma gas combinations
which provided a significant increase and provided the maximum joint strength given
the properties and dimensions of the test samples. To increase the bond strength
further an increase in substrate thickness would be required to reduce the twisting
motion of the joint and therefore reduce the peak peel force experienced at the free
end of the joints. This would increase the mass of the joint for a given joint strength.
An alternative to this would be to change the adhesive to a higher performance one,
these are not widely available as REDUX 319 is a very high performance epoxy.
There would also be a further set of tests for a new adhesive as there may be an
unforeseen incompatibility between plasma treated surfaces and a different adhesive.
Although this is unlikely as that would imply that the results in this thesis are highly
fortuitous in nature.
During this work a parallel project was conducted by a third party which investigated
the effect that plasma treatment has on the tensile strength of adhesively bonded
stainless steel with the addition of using digital image correlation to investigate the
strain in the joint, and potentially identify the locus of failure. The conclusions of
this project were that there is regularly an asymmetrical strain field in the joint when
viewed from the edge. This was indicative of the failure initiation when observed.
Also, the samples which exhibited the highest strains has been treated with argon
plasma. This information is useful in terms of understanding the limitations of the
single lap shear but as also measured in this project the test itself is surprisingly
robust in terms of joint geometry.
The study into the effects of joint geometry and deviation from the norm demonstrated
that the single lap shear experiment is surprisingly robust. This is advantageous
as it provides a cheap, fast and simple method for comparing adhesive/substrate
combinations and pre-treatments.
Changing in the plasma inlet gases did not change the ultimate bond strength a
great deal, implying that there may be a considerable amount of optimisation in
terms of gas flow rate and gas type. This will be discussed in the life cycle analysis,
Chapter 8 of this thesis.
One of the advantages of having a large set of plasma combinations work effectively
on stainless steel is that there is an increased likelihood of the same plasma working
well on two surfaces as there is a wide variety that can be eliminated before stainless
steel cannot be treated to a high level. Even if there is a combination that does
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not treat stainless steel effectively then a system for changing the gas inlets can be
designed with relative ease. This was proposed for this project but was deemed to
be outside the scope of the project itself.
6.4.2 XPS and SIMS analysis
A considerable amount of XPS analysis was conducted on plasma treated stainless
steel. This is because of the supply of stainless steel and the results gained in
preliminary testing. The results, on the whole, demonstrate that during the plasma
treatment the adventitious carbon and organic contamination is removed, almost
totally.
This is beneficial for structural adhesive bonding as it acts to lower the chance of a
weak boundary layer forming and also increases the surface free energy which aids
wetting, this was showing in the contact angle results discussed previously.
This was thought to be the case and had been shown by other research groups prior
to this work being executed. This single factor did not appear to fully quantify the
increase in bond strength. When oxalic acid etching is considered there are two
mains functions that appear to be dominant at the surface, this is the oxidation of
the surface and an increase in the surface roughness. This is well known as oxalic
acid is sometimes used for etching stainless steel prior to microscopic studies of the
grain structure. This would increase the surface area available for bonding and more
importantly increase the mechanical keying component of the bond strength.
Initially there has been no reason to consider that CAP can induce a roughening of
the surface. The plasma in this thesis is not powerful enough to etch the surface.
This combined with the XPS data presented, indicated that the increased bond
strength was entirely down to the chemical changes occurring at the surface. An
increase in the hydroxyl and oxygen containing species found at the surface in cohorts
with the nitrogen containing species that are low in intensity but evidently a result
of the CAP treatment gave way to the theory that this must be solely responsible
for the bond strength increase.
The final XPS result presented demonstrates that there is, in fact, an increase in the
oxide thickness when a stainless steel sample is treated with the PlasmaTact. Treat-
ment times required for a measurable difference in oxide layer were long compared
to the those performed in the lap shear tests. This does not mean that there is no
increase however, only that the etch profile was too harsh to distinguish between the
different thicknesses. If it were possible to repeat this experiment without a time
constraint, using a cluster ion source would enable a much more gentle etch rate
and therefore have a far greater z resolution which may reveal an increase that is
hypothesised to occur after 5 to 15 seconds treatment.
The other XPS data reported provides valuable information to the treatment pa-
rameters and how they affect the level of treatment and crucially the iXPS allows
the area that is treated with a single pass to be measured. This data will be used
in the life cycle analysis to give accurate treatment rates and quantities. From the
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information gathered already there is some scope for optimising the process in terms
of increasing the treatment speed or lowering the gas flow rate with the current
system. For the PlasmaTact the maximum diameter appears to be 12 - 13 mm when
the nozzle is 2 mm diameter.
The ToF-SIMS data presented shows a number of interesting aspects of CAP treat-
ment. The first is that the nitrogen detected on the surface would act to increase
the polar component of the surface free energy. This would increase the wettability
of the surface and, most likely, increase the bond strength. The distribution of the
nitrogen on the surface is also an interesting feature, it would appear that there are
hot spots surrounding the centre of treatment. This may be a function of the torch
dimensions and treatment parameters which would dictate the transfer of heat to
the surface from the plasma flow. While this is a possible reason for the nitrogen
rings, the plasma torch gas temperature is not thought to be high enough to have
a substantial effect on the metal surface but the heat may interact with the flow
itself.
The source of nitrogen found on the surface is the atmosphere, it is obvious that the
CAP plume would mix with the atmosphere as it is a turbulent fluid flow, what was
not known is the extent of the mixing and if the mixed atmospheric gas would become
ionised and interact with the surface. The D2O analysis in this work demonstrates
that there is a component on the surface from the plasma and from the atmosphere,
this shows that there is ionisation of the atmosphere through which the surface is
being treated. This may lead to modifying the atmosphere or, as it is now known that
some ionisation occurs downstream of the torch antenna, adding a further dopant to
be deposited on the surface.
6.4.3 Failure and fractal analysis
The discussion so far has focussed on conventional analysis of the surface and the
failure criteria for the different joints. Considering the aims of this work these data
are useful as they indicate the efficacy of the plasma treatment and also give an
argument to how applicable CAP could be to industry.
The further analysis of the failure surfaces may provide some more esoteric data
but no less pertinent to the CAP processing of metals. Through this technique the
analysis of several hundred test samples has been made possible in a few hours. This
is less time compared to doing the same by hand and has the added benefits of being
repeatable, reliable between users and can provide additional data and reassurances
about the methods used.
The failure surface data presented demonstrates that the CAP process could still be
improved as there were no samples that reliably failed with a 100% cohesive failure
mode. This may be a result of the substrate/adhesive selection however as the thin
substrates induce a peel force at the free end of the tensile sample which causes the
failure to initiate. There was always some element of adhesive failure, regularly at
the free end of the sample. This was also true for the chemically etched samples
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however which implies that there may be a theoretical limit to the interfacial bond
strength between REDUX 319 and 3 mm thick 316 stainless steel.
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Use of cold atmospheric plasma
for the pretreatment of
titanium-6Al-4V
7.1 Introduction
Titanium is a high strength, lightweight metal which is used in a variety of applications
in the automotive and aerospace industries where mass is a critical factor in design.
This is mostly due to the high specific strength it exhibits and the savings it can
bring about in terms of weight for high performance vehicles. Other uses for titanium
also include the medical industry, as it forms a highly stable oxide layer on its surface
which renders it inert to most environments, including inside the human body. This
makes it ideal for replacement joints. This is one of the few areas where a metal
adhesive is used in the biomedical industry as cement is used to bond the implant
into the bone.
The most widely used alloy is titanium alloyed with 6% aluminium and 4% vanadium
by weight, called titanium-6Al-4V or Ti6-4. This alloy is an alpha-beta two phase
titanium alloy and comprises of about 70% of the titanium alloy market globally
(Cui et al., 2011). For aerospace and automotive applications the improvement of
the adhesion process may increase the usage of titanium in vehicles, as it would
enable better materials selection for individual components. It is also relatively
common to bond titanium to reinforced polymers such as carbon fibre reinforced
PEEK (CFRP) (Molitor et al., 2001). For this, mechanical fastening is not the
favoured method becasure of the stress concentrations imposed on the CFRP, and
welding is impossible, so adhesion is a viable alternative.
There are some caveats to the data presented in this section, and the order in which
it is presented. The material was purchased from the supplier already cut, and had a
thick oxide layer having been annealed. Composition data for the untreated samples
has previously been presented in §3.4.2. As this is not how the material would be used
in industry steps were taken to remove the oxide layer chemically. This consisted of
145
CHAPTER 7. TITANIUM
etching the titanium for 60 s in hydrofluoric/nitric acid which removed the annealed
oxide layer Latter work performed then polished the resulting thin oxide layer to
a mirror finish using 2400 grit abrasive paper. The beginning state of the surface
will be explained before each set of results, this will be either hydrofluoric/nitric
(HF/HNO3) etched or polished. After these beginning treatments the samples may
then be grit blasted, or not, which which will be denoted in the results as G/B.
After these processes the samples will be treated using and alkaline etch or with
CAP.
7.2 Literature
7.2.1 CAP for the structural adhesive bonding of titanium
The literature search for the plasma treatment of titanium returned relatively few
papers. Therefore the literature review will discuss the three focussed on the surface
properties and adhesive bonding characteristics of titanium. These will then be
supplemented with information from papers regarding other investigations that
have been conducted using atmospheric pressure plasma on titanium, these include
etching and nitriding of the metal. An additional area that has been included
as it returned several papers is the applications of titanium, and plasma treated
titanium, to dentistry and artificial joints. This involved the adhesion promotion or
titanium to bone cement and also the removal of bio film and promotion of cellular
adhesion.
Plasma treatment of titanium for adhesive bonding has been covered by three papers.
Of these there is a difference of opinion about the effectiveness of plasma treatment
and any effect it has on the bond strength of titanium joints. Two authors show
that there is an improvement in adhesive bonding when the titanium is treated
with CAP prior to joining and a third which states that the joint strength is only
marginally improved over untreated titanium and is far lower than conventional
treatments.
The main reason for this difference is the pre-treatment process. The two which
show there is an increase in bond strength use plasma treatment as well as another
treatment such as grit blasting or priming the metal. An investigation conducted by
Akram et al. (2011) is an analysis of the metal/adhesive interface whereas the second
investigation, which was performed by Harris et al. (2011), is primarily examining
the interface between a primer and metal. The application of the latter study is not
specifically relevant to this project, as there is no primer being used in this work,
but the surface analysis conducted is of interest.
Akram et al. (2011) performed a comprehensive analysis of the surface energy,
unfortunately there are no solely plasma treated samples therefore there is no
evidence that there is any increase in surface free energy after only using plasma
treatment. There is a moderate increase when a grit blasted surface is plasma treated.
This has been linked to improved adhesion performance.
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Harris et al. (2011) did not investigate the surface free energy of the titanium but
did use XPS to investigate the chemical changes at the surface and the effect plasma
treatment has. Like the outcome on stainless steel, they found a decrease in carbon
and an increase in oxygen. Interestingly, there is not a larger increase in oxygen if a
helium/oxygen plasma is used compared to a helium/nitrogen plasma.
7.2.2 CAP for the adhesion of titanium in other fields
Titanium is used extensively in the medical sector for implants as it is bio-compatible
because of the highly stable oxide layer formed immediately on exposure with air.
When the titanium is placed inside the body the end goal is for a bond to be formed
between the titanium and what it is fixed to. This is usually achieved using both
mechanical fastening and adhesive bonding. Further methods involve the promotion
of bone or other tissues to attach to the surface after the part is placed in the body.
For this reason the interaction between cells and the surface of titanium has been
the focus of several studies.
The difficulty faced in this area of work is that, improving the bonding characteristics
of titanium usually involves etching the metal, using a strong acid or alkali. These
methods may result in an unfavourable surface chemistry for the body and therefore
require further steps to ensure decontamination of all the chemicals used in the
process. For this reason CAP is being actively investigated to provide an enhanced
bonding surface.
Kawase et al. (2014) demonstrate that there is a reduced water contact angle when
commercially pure (CP) titanium is plasma treated using a nitrogen plasma. The
samples in this study were chemically polished prior to the plasma treatment and the
treatment itself was found to increase the roughness of the surface from Ra=40 nm
to Ra=100 nm. There is no mention of the mechanism enabling this change however.
The change in surface roughness could be a result of etching the surface, which is
relatively unlikely because the oxide is very stable, and would require a very high
energy plasma. Another scenario is that the oxide layer is being developed in the
treated region. The treatment times for these changes were between 1 and 2 minutes
which, for industry, is too slow but an increase in surface roughness may be beneficial
to the adhesion properties.
The process is dissimilar to the one used in this project. It uses pure nitrogen as
the feed gas which has a much higher bulk plasma temperature compared to noble
gas plasma, this has been mentioned in the stainless steel literature review. Longer
treatment times of 60 and 120 seconds are used by Kawase et al. (2014) which are one
or two orders of magnitude larger than those in this project. Therefore, any etching
observed in this current work will likely be below the threshold of detection by even
techniques such as atomic force microscopy (AFM), as the inherent roughness of the
sample will mask any increase in roughness induced by the plasma.
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Work by Duske et al. (2012) agrees with these results and showed that using argon
and argon/oxygen mixtures reduces the contact angle measurement to nearly 0 deg.
This is accompanied an increase in the measured cellular adhesion.
7.2.3 Literature discussion
The amount of published literature for CAP treatment of titanium appears to be
smaller than that for stainless steel but, on the whole, appears to be in accord with
the results of stainless steel treated with CAP. For this reason a set of experiments
similar to those discussed in the stainless steel section of this thesis will be undertaken
using titanium as a substrate. The investigation of the treated area will not be
conducted however as these have been examined this should be substrate independent.
The tests have been described in Chapter 3. The following section will present the
results of the experiments conducted.
7.3 Results
7.3.1 Mechanical testing
7.3.1.1 Lap Shear Results
Hydrofluoric/nitric acid etched samples
Figure 7.1 presents the tensile test data for titanium which has been etched for 60
seconds in hydrofluoric/nitric acid (HF/HNO3) prior to the experiment. The surface
finish was bright titanium which was then treated as described.
The plasma parameters for all of the treatments is detailed in Table 7.1.
Table 7.1: Treatment setting for Ti-6-4 lap shear tests
Parameter Setting
Flow rate (l min-1) 8
Torch/substrate distance (mm) 5
Torch speed (mm min-1) 160
The results shown in Figure 7.1 illustrate the large difference in bond strength that
is possible with titanium. The results demonstrate that it is possible to surpass
the alkaline etched pre-treatment when using plasma treatment. Although ultimate
strength is of high importance to this work and industry as a whole, the reliability
of the process is just as critical. For example the standard deviation of most of
the plasma treated lap shear joints appears to be less than the untreated samples.
Grit blasting the samples reduces the standard deviation further. While these are
good results for the uptake into industry there is still an issue with this data. This
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Figure 7.1: Failure stress data for titanium treated using different plasma
combinations, 5 repeats for each variable. Error bars show standard deviation.
Untreated is the surface after the HF/HNO3 etch.
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being that the increase in bond strength may not be entirely because of the plasma
treatment but a combination of the HF/HNO3 etch and plasma treatment affecting
the metal in a positive way. The acid will act to increase the surface roughness
as it removes the oxide layer. This will have a beneficial impact on the bond
strength.
An interesting factor to consider with regard to the results in Figure 7.1 however
is the summation of the different treatments. For stainless steel the ultimate bond
strength was an aggregation of the different pre-treatments, however, for titanium
this is not the case, as shown in Table 7.2. This is advantageous for the process as it
may be possible to remove the grit blasting stage with further development of the
plasma treatment. Caution must be taken with this though, as this result may be
due to using the same grit blasting parameters on the two metals, which may lead
to an improperly prepared surface.
A further possibility for this result is that the joint has obtained the highest strength
possible for the geometry and material selection. To investigate this the failure
surfaces were analysed using the system developed in this work to ascertain the
nature of the failure and the cohesive failure percentage, these results will be presented
in the next section.
Unlike the stainless steel results there are some plasma gas combinations that appear
to improve the joint strength more than others. A further observation of these results
is that grit-blasting a joint prior to bonding reduces the standard deviation. This
does not hold true for all joints tested, such as G/B Ar/O2 however, this treatment
did not perform as well as others so can be disregarded in favour of other treatment
combinations.
Table 7.2: The percentage increase in bond strength from the untreated state for the
average of the samples and the best performing sample
Plasma treated Grit blasted Grit blasted and plasma treated
Average 29.3 6.4 36.3
Ar/O2 0.1 l min
-1 31.9 6.4 46.0
Polished samples
To isolate the failure stress from the substrate finish, some samples were polished
successively using 250, 1200 and 2500 grade paper on a metallographic wheel using
running tap water for lubrication. As this was a time intensive process (compared
to the alkaline etch) fewer samples were tested. In total there were four different
surface treatment combinations tested and each one was conducted on grit blasted
and polished surfaced, resulting in eight sets of results in total. Each combination
was repeated three times. The grit blasted surfaces were polished prior to the git
blasting being done.
These data, presented in Figure 7.2, are in contrast to the results of the HF/HNO3
etched samples as the maximum values achieved for the plasma treated and alkaline
etched are now reversed. The difference in ultimate failure loads is small however at
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Figure 7.2: Failure stress data for polished titanium treated using different plasma
combinations, 5 repeats for each variable. Error bars show standard deviation
7%. The standard deviation of the data is also reduced when plasma treatment or
alkaline etching is included in the pre-bonding processes although this is based only
on an average of three test per treatment.
Thus, the results for polished titanium have shown that plasma treatment can
increase the bond strength regardless of the surface finish. This serendipitous result
illustrates the potential versatility of plasma treatment. A small decrease of bond
strength between an HF/HNO3 etched surface and a polished one can be considered
a good result. It can be argued that the alkaline etch treatment also performed
well on these two surfaces. The plasma treatment, however, also performed well on
stainless steel in the previous section. An alkaline etch would not produce the same
bond strength when used for stainless steel. This is an interesting consideration
as one of the purposes of adhesives is to enable a wider material selection criteria.
This is a challenge if each material requires a different pre-treatment. This will be
considered more thoroughly during the life cycle analysis in Chapter 8.
For both HF/HNO3 and the polished titanium the load/extension curves were similar.
A sample set of 5 curves are shown in Figure 7.3. The plot shows that there is little
to differentiate each of the samples in a single set of 5 that have all been treated
in the same manner. The plot for sample 3 differs only because there is is a small
amount of slip in the jaws over the first 1 mm of extension. This may be a result of
the tabs being being misaligned. it can also be seen from the plot that all of the
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Figure 7.3: Load/extension curves for a set of 5 samples
samples failed between 1.5 and 2 mm this is within the 45 - 60 s testing time limit set
by the standard as the extension rate was set to 2 mm s-1.
The load/extension curves demonstrate how brittle REDUX 319 is as there is a very
sharp decline when the failure happens. This is one reason for the over engineering
of adhesive joints, if this joint were in service there is little warning before the
catastrophic failure occurs. There is also little to no plastic deformation of the
substrates during the tests. This is based on the fact that there is no change in the
gradient of the curve for the majority of the test.
7.3.1.2 Failure mode analysis
HF/Nitric acid etched
The titanium lap shear joints were subjected to the same analysis as the stainless
steel. After the tensile testing took place they were photographed and the photos
analysed using the MATLAB routine, described previously.
Based on a manual review of the processed images the titanium provided slightly
more reliable results compared to the stainless steel as the samples were cut more
accurately, and not with a guillotine, hence reducing the distortion of the samples
themselves. Once again, however, the grit blasted samples proved to be difficult to
photograph with sufficient contrast. Additionally, only the samples which have been
HF/HNO3 etched were processed. This is because there was a large enough sample
set to reduce the impact of any outliers.
The data for the failure surface analysis of plasma treated titanium joints will be
presented in the same manner as the stainless steel with only the untreated, alkaline
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etched and the three best performing plasma treated samples. These are shown in
Figures 7.4, 7.5 and 7.6.
Figures 7.4 compares the fractal dimension and failure load. From the data presented
there appears to be a slight negative correlation between the two measurements.
This is the opposite of the stainless steel results. As the fractal dimension is reliant
on the the cohesive failure percentage, and a higher value of this would indicate
a high cohesive failure percentage, based on the current understanding, would
produce the highest bond strengths as the limiting factor would be the bulk adhesive
strength.
The reason for the local maximum at a fractal dimension is an interesting considera-
tion, and will be discussed in §7.4.
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Figure 7.4: Failure stress values against the fractal dimension for adhesively bonded
titanium
Figure 7.5 compares the cohesive failure percentage against the failure load. This
has a similar trend to Figure 7.4. This is for the aforementioned reason of the values
being interlinked. There are some minor differences in the values but nothing that
changes the state of the trend or overall outcome.
Finally, the cohesive failure and fractal dimension plot shown in Figure 7.6 show
that there is a strong correlation between the two values. This implies, much like
with the stainless steel results, that the calculations appear to be reliable for the
data presented here.
7.3.1.3 Boeing wedge test
The durability testing for titanium was executed using the same methodology as
stainless steel. The only difference being that the samples were not as distorted
and therefore did not need matching up prior to bonding. The samples were made
and placed into the humidity chamber at the same time. It was not necessary to
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Figure 7.6: Cohesive failure percentage against the fractal dimension for adhesively
bonded titanium
stagger the start points as there are fewer samples compared to the stainless steel
experiment. The method of data capture was also faster using the same camera set
up from the fracture surface analysis to photograph each crack tip against a rule and
then reading the measurement off at a later time meant that all of the samples could
be recorded within 30 minutes.
The BWT substrates had not been annealed like the lap shear samples had been.
Therefore they did not have the thick oxide layer covering the surface and so did
not need any further modification before the grit blasting, alkaline etch or plasma
treatment was done.
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Figure 7.7 shows a Boeing wedge test as it was made and at each of the test points
in the experiment. The crack growth of the untreated and best performing samples
are shown in Figure 7.8.
0 5 10 15 20 25 30
0
20
40
60
80
100
120
140
160
Root time in humidity chamber (
√
hours)
C
ra
ck
le
n
gt
h
(m
m
)
Untreated G/B No plasma
G/B Alkaline etched G/B He/N2
G/B Ar/Air 0.25 l -1 G/B Ar/Humid 20%
Figure 7.8: Crack length against root time of Ti-6Al-4V Boeing wedge tests with
different surface treatments
The crack growth results show that there is a significant disparity between the plasma
treated and the alkaline etched samples. This difference was relatively small for
the tensile tests, but the Boeing wedge test is considered to test the interface more
thoroughly because the water can reach the stressed crack tip and cause degradation
of the adhesive itself. There are no non-grit blasted and plasma treated samples
included in Figure 7.8 as they all failed after 24 hours. This is not a good result for
the purpose of using plasma treatment in an industrial environment as there would
have to be a grit blasting stage included in the production of a strong and durable
joint.
Interestingly the alkaline etched samples were still unstable at the end of the experi-
ment. This is evident by the consistent increase in crack length over the course of
the experiment. With a large increase in crack length between 168 and 1176 hours
compared to a small increase in the plasma treated samples. This implies that the
crack tip is still progressing and that the energy balance is not yet complete, this
balance is the Griffith Criterion (Griffith, 1921). This may have occurred if the
experiment were allowed to continue.
Like the stainless steel durability tests the fracture energy value was calculated from
the crack extension, this can be seen in Figure 7.9.
The trend is, of course, the same as for the crack extension, with the alkaline peroxide
etch sample performing the best although it is unstable at the end of the experiment.
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Figure 7.7: A titanium Boeing wedge test sample, treated using Helium plasma, full
sample (left) and close up views of the crack at 0, 24, 48, 168 and 1176 hours of
ageing, right column top to bottom respectively
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Figure 7.9: Fracture energy against root time of Ti-6Al-4V Boeing wedge tests with
different surface treatments
The plasma treated samples appear to perform consistently within the standard
deviation of the experiment.
As already mentioned an important factor in the durability of an adhesively bonded
joint, especially in this test, is the surface finish prior to bonding. This data, along
with the data from the stainless steel experiment, shows the critical nature of the
grit blasting stage for achieving the most durable joint. For these calculations the
opening dimension was measured for each sample from the photograph at T=0.
The tensile and durability data for titanium demonstrate that there is a considerable
change in joint properties when the substrate is plasma treated. These changes
are of interest as they may indicate the reason for the joint strength increase. To
analyse this, XPS has been employed, and the results will be presented in the next
section.
Failure surfaces of the Boeing wedge test samples
The failure surfaces of the titanium Boeing wedge tests were photographed and com-
pared to investigate if there were any significant differences between the treatments.
Figure 7.7 shows three samples which have had different pre-treatments.
The three samples demonstrate that there is a large difference between the failure
surfaces between different pre-treatments. The top and bottom images demonstrate
large areas of interfacial failure in the joint. The top sample failed within 48 hours of
being put into the humidity chamber whereas the bottom sample was still partially
intact upon completion of the 7 weeks in the chamber. The bottom sample has also
been grit blasted, this may be the main reason for this difference, as all but two of
the non grit blasted samples failed within the first week of the test starting. This
implies that grit blasting the sample is vital to obtaining satisfactory results.
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The middle sample, which has been grit blasted and alkaline etched, demonstrates an
almost ideal test specimen for this experiment. There is a phase of cohesive failure
up to 70 mm which occurred when the joint was initially opened. Then a small phase
of interfacial failure, from 70 to 95 mm, which occurred while the sample was being
aged in the humidity chamber followed by another large section of cohesive failure
which was when the sample was force apart at the end of the test.
The difference between the crack extension under ageing is obvious when the middle
and bottom samples are compared, when the samples were opened up the crack
progressed to 70 mm on both samples but while in the humidity chamber the crack
advanced considerably further along the interface in the plasma treated samples
compared to the alkaline etched sample. This is not a good result for the uptake of
plasma into industry, but there are still methods such as design choices or selection
of adhesive or plasma composition that can be used to mitigate or improve these
results.
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Figure 7.10: Failure surfaces of the titanium Boeing wedge tests. From top to
bottom: untreated, grit blasted and alkaline etched and grit blasted and argon/air
plasma treated
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7.3.2 XPS
7.3.2.1 Point analysis
As there is a large body of work already reported in this document that centres
around characterising the treated area and investigating how treatment parameters
affect the surface using stainless steel, it was not deemed necessary to revisit this
work for titanium. This is because the treated area is a result of the torch geometry,
the treatment parameters and the surface topography. For this reason there is only a
relatively small XPS investigation into the effect of CAP on titanium, which focusses
on the resultant chemistry and the development of the oxide layer. Figure 7.11 shows
the survey spectra of three titanium samples comparing the untreated titanium with
two plasma treatments.
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Figure 7.11: Stacked survey spectra of Ti-6Al-4V treated using different plasma
combinations
The spectra demonstrate that similar results are observed when compared to those
from the plasma treatment of stainless steel. There is a significant reduction in
carbon on the surface and an increase in oxygen. The titanium peak is also more
prominent. This is shown in the elemental quantification of these three samples
which are shown in Table 7.3.
While the carbon contamination is reduced significantly, from 67 At.% to 43 - 54 At.%,
it does not reduce to the same level as stainless steel. This is associated with a
substantial increase in oxygen at the surface. Normalised high resolution intensity
spectra for carbon and oxygen are shown below in Figure 7.12. There are significant
differences in the spectra, that illustrate that there are different carbon and oxygen
bonding states present on the three samples, this can be further investigated by peak
fitting the data. This can be seen in Figure 7.13.
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Table 7.3: Elemental quantification of the three titanium samples shown in Figure
7.11
Surface concentration (At.%)
Element Untreated Ar/Air 0.4 l min-1 plasma Humid Ar - 20% plasma
Al2p 0.0 2.2 0.5
C1s 66.9 43.4 54.4
Ca2p 1.1 3.1 3.2
Cl2p 1.7 0.2 0.3
Mo3d 0.0 0.1 0.1
N1s 3.5 1.8 1.2
Na1s 1.8 2.1 2.2
O1s 21.2 36.3 29.1
Si2p 1.8 2.3 1.8
Ti2p 2.0 7.5 7.2
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Figure 7.12: Normalised high resolution spectra of (a) carbon and (b)oxygen spectra
acquired from untreated and two plasma treated titanium samples.
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Figure 7.13: Peak fitting of high resolution spectra for carbon and oxygen on plasma
treated titanium (left and right column respectively) on untreated, argon/air and
humid argon plasma (top to bottom respectively)
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The peak shapes are explained by the different bonding configurations that are
present at the surface for both carbon and oxygen. For the untreated Ti-6Al-4V, the
carbon is a mixture of carbon-oxygen states with the dominant one, after C-C, being
C-O bonding. There is also a much larger amount of oxide present on the treated
samples. If this is a result of the oxide layer increasing in thickness is not known
from literature and, to resolve this, a sputter depth profile was performed on plasma
treated titanium. This is presented in §7.3.2.2.
The spectra indicate that the adventitious carbon overlayer is being removed while the
surface is being plasma treated. This is most likely though ion induced chain scission
and ablation of the carbon layer in a similar fashion to the stainless steel.
Table 7.4 shows the peak fitting information and the relative peak heights for each of
the spectra, highlighting the increase in more complex oxygen containing peaks in the
carbon peak, O-C=O and C-O-C. This is mirrored in the oxygen peak, to an extent.
The oxygen spectrum is comprised of several peaks with overlapping areas, this makes
it very difficult to quantify the different components reliably. For this reason, only
a simplistic peak fitting has been attempted of three main components. The C-O
and C=O is likely to be the sum of two peaks however ever, such as the C-O peak
and a hydroxide peak. Fortunately for this case the oxide peak is disticnt from the
organic oxygen peaks and is the dominating peak for both plasma treated samples.
This implies that enough of the carbon overlayer has been removed to reveal more of
the oxide layer. The carbon that is left may have been oxygenated in the plasma
treatment process, and is shown by the increase in the complex carbon/oxygen
species.
Based on this work, and the enhancement of the oxide peak, which agrees with
published work, it was decided that determining if the oxide increases in thickness
during the plasma treatment was a critical factor, and may elucidate one of the
reasons that the bond strength is increased. To do this an XPS depth profile was
conducted on samples treated with plasma for different times, the results will be
described in the following pages.
Table 7.4: Peak fitting data for untreated and plasma treated titanium
Untreated Argon air Humid argon
Height
Relative
height
Height
Relative
height
Height
Relative
height
C
ar
b
on
p
ea
k C-C 17056 1 11027 1 16285 1
C-O 5995 0.35 1870 0.17 3364 0.21
C-O-C 1727 0.1 2106 0.19 565 0.03
C=O 1420 0.08 0 0 0 0
O-C=O 819 0.05 1393 0.13 834 0.05
O
x
y
ge
n
p
ea
k Oxide 2532 0.54 8007 1 7248 1
C-O 4679 1 5973 0.75 4738 0.65
C=O 1995 0.43 2562 0.32 1174 0.16
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7.3.2.2 Depth profile
Introduction
It is evident that there is a change occurring at the surface of the titanium during
the plasma processing. There is a chemical facet to this which has been illustrated
by the XPS data in the previous section, one area that has not yet been determined
is if there is a growth in the substrate oxide layer. The oxide layer of titanium is very
stable. This is one reason it is used inside the human body. As such, it is difficult to
remove the oxide, this would require a very high energy plasma, this is the reason
that HF/HNO3 has been used on some of the samples in this work, only the most
electro negative elements are able to reduce titanium oxide.
While the chemical modification of the surface will enhance the bond strength
there is also the possibility to further increase the strength through modifying the
topography. This can be done by increasing the surface oxide thickness in a similar
manner to thermal annealing, but without the heat and associated issues such as
grain growth.
To investigate this, an XPS depth profile was conducted using titanium polished
to the same level as that used in the second tensile test set. In all 5 samples were
examined using this method the plasma selected for the treatment was argon/air and
four treatment durations. The final sample was untreated. The treatment parameters
were a stand off distance of 5 mm, a total gas flow rate of 8 l min-1 and treatment
times of 5, 15, 60 and 120 seconds.
As the aim of the experiment is to qualitatively determine the relative oxide thick-
nesses, only carbon, oxygen and titanium spectra were acquired at each etch level.
This was to reduce the analysis time, to allow for two full sets of samples to be
analysed in the allotted time. Survey spectra acquired every 10 etch levels are of
high enough resolution that quantification can be made from them if desired.
The experiment was set up and then monitored periodically for its duration, the
number of etch levels required to analyse the surface was not known so 100 were set
up in blocks of 10. To reduce the amount of time required for the experiment the
number of etch levels was subsequently reduced after 3 samples had been analysed.
This is the reason some of the samples have fewer levels compared to others. For
the untreated sample only 19 etch levels were required as the titanium/oxygen cross
over point had been recorded.
The etch gun parameters for the depth profiles performed in this work were kept the
same for both materials. These were an acceleration energy of 2keV with a raster
size of 1.5 mm. The standard for etch rates is Ta2O5 which has been used during the
calibration of the instruments. These setting have been shown to etch at 0.3µm s-1.
Some work has been done to link this to other materials which some success. As
there is not yet an agreed conversion the values will remain as etch time. (Simpson
et al., 2017).
164
CHAPTER 7. TITANIUM
Results
For an overview of the sample during the depth profiling process Figure 7.14 shows
the survey spectra obtained for a sample treated for 60 seconds with an argon/air
plasma.
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Figure 7.14: Survey spectra showing a depth profile through the plasma treated
region on titanium.
The survey spectra of the depth profile demonstrate that the carbon is reduced to
zero after 100 seconds of etching. The aluminium increases slightly in intensity and
the vanadium peak increases noticeably. This is expected as the surface is being
etched down towards the bulk.
One observation from these spectra is that the calcium is present on the surface.
This is not unexpected as it is a common contaminant associated with tap water.
In this case it is thought to have come from the water used when the titanium was
being polished. The fact that it is still present after 60 seconds of plasma treatment
indicates that CAP may not remove inorganic contaminants on the surface. The
organic contamination appears to be very low, based on the carbon peak.
Table 7.5 gives the quantification for the five argon/air samples under analysis at
the initial stage. This shows that calcium is present on all samples apart from the 5
second sample. The fact that it is at a similar level across all of the other samples
indicates that CAP is indeed poor at removing inorganic contamination. To ensure
that this is the case would require further experimentation to investigate if this has
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Table 7.5: Quantification of samples pre and post depth profile. Before is level 0,
after is after the last set of etch levels (>500 seconds of etching)
Element
5 seconds 15 seconds 60 seconds 120 seconds untreated
Before
(B)
After
(A)
B A B A B A B A
Al2p 3.9 3.4 3.7 5.6 3.5 6.6 3.1 6.4 2.9 4.4
C1s 5.1 16.3 18.1 6.6 14.8 5.5 15.0 6.0 13.3 3.3
Ca2p 0.0 0.0 1.2 0.0 1.2 0.0 1.0 0.0 1.3 0.0
N1s 0.6 1.2 0.0 0.6 0.0 0.6 0.5 0.6 1.1 0.5
O1s 46.2 0.7 54.7 44.7 58.4 43.4 59.7 43.1 45.2 32.1
Ti2p 43.8 78.0 22.3 42.1 22.1 43.4 20.6 43.6 35.8 58.5
V2p 0.4 0.4 0.0 0.4 0.0 0.5 0.1 0.3 0.4 1.2
a negative impact on the bond strength, and if different plasma gas combinations
are able to remove the inorganic contamination.
To probe further the effect of the CAP on the oxide layer, the individual spectra for
a sample treated for 60 seconds with argon/air plasma will be shown followed by
processed data.
Figure 7.15 shows the partial set of spectra acquired from a titanium sample that
has been treated with argon/air CAP for 60 seconds. A note to the reader: The
order of the titanium spectra is inverted compared to the carbon and oxygen. This
is because the titanium intensity increases with etching whereas carbon and oxygen
decrease.
These spectra are representative of the data collected in this experiment. The carbon
peak very quickly reduces to zero after etching for 30 seconds. The peak at a lower
binding energy of of 282.5.0 - 283.0 eV is indicative of carbide formation. This has
been observed before and is thought to be a result of fresh titanium reacting with
carbon that is already in the analysis chamber (Cacciafesta et al., 2002).
Initially the oxygen peak contains two components which are oxide and hydrocarbon.
After the first 30 seconds of etching the hydrocarbon peak appears to be greatly
reduced. The oxide peak then reduces consistently at each level until the end. It
is not thought that the oxygen will never reduce to zero during the experiment as
oxygen itself is highly soluble in titanium, and titanium will act to get oxygen at the
low pressures in the analysis chamber, therefore it is likely that there will always be
an oxygen signal present no matter how many etch levels are performed.
Finally, the titanium peak is of the most relevance. There appears to be a large
change in the spectrum over the course of the experiment. Initially there is a small
Ti2p(3/2) peak at 454.0 eV indicating metal. The spectrum is dominated by the
Ti2p(3/2) peak at 458.0 eV which is for TiO2. The final peak present is the Ti2p(1/2)
peak at 465.0 eV. This is a result of the split orbital from the Ti2p oxide electron
shell.
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Figure 7.15: Depth profile of (a) carbon, (b) oxygen and (c) titanium. On titanium
after a 15 second treatment, 5 mm stand off distance, 8 l min-1
From this overview it can be seen that the spectra change considerably. Over the
first five levels the spectrum changes to include several other peaks, these include the
titanium metal peaks and several oxide peaks. This is common for etched titanium
as the argon ions reduce the TiO2 into Ti2O3, which is reduced further still to TiO.
This produces an incredibly complex set of peaks, which are difficult to peak fit
accurately and, as it is not of critical importance to the current work, is not presented
here.
To better demonstrate the changes in the oxide layer the first 15 etch levels have
been included for the 60 second argon/air sample in Figure 7.16. From this set of
spectra the transformations over the first few etch levels can be seen easily with
the increase in a multitude of components that create an almost square peak shape
at after 60 - 80 seconds etching. This is when the surface is being most affected by
the argon ions in terms of reducing the oxide states from TiO2 to Ti2O3 and TiO
(McCafferty and Wightman, 1999).
As this experiment is focussed on the thickness of the oxide layer a means of
comparison has to be determined. For this, the titanium and oxygen peak areas
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Figure 7.16: First 15 etch levels of titanium treated for 60 seconds with argon/air
CAP treatment, 5 mm stand off distance, 8 l min-1
have been used when plot as a function of etch level. Figure 7.17 shows graphs of
the argon/air samples and untreated titanium. These graphs show that there is
a definite increase in oxide thickness when titanium is treated with an argon/air
plasma treatment. While the untreated, 5 and 15 second treatment cross over after
130 - 150 second etching the longer plasma treatments cross over at a significantly
later etch level. This strongly implies that the oxide has increased in thickness as a
result of the plasma treatment.
The small jumps that are present in the oxygen peak area occur every 100 seconds
etching, this is after the survey scan has been acquired so there is a longer wait
duration between the spectra used in this analysis. In this time it is likely that the
titanium has re-oxidised, despite the reduced pressure environment.
These data suggest at least part of the mechanism of CAP treatment is an increase in
oxide thickness. The cross over point does not follow a trend based on the treatment
duration. This is most likely an issue with the experiment conducted in this work.
The depth profiles themselves were conducted on square samples that had been
polished. The aim was to treat the centre of the sample and then analyse the centre of
the treatment area. This was more difficult than expected. As a result the analysed
areas are most likely off the treatment centre by up to a few millimetres. Assuming
that the oxide growth is a maximum at the centre, this analysis does not give a true
value for a known point in the treated area. To do this would require an array of
depth profiles to be conducted across a treated area.
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Figure 7.17: Sputter depth profile on titanium for different times using argon/air
plasma, 5 mm stand off distance, 8 l min-1
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7.4 Discussion
The results in general are somewhat difficult to interpret as there is the additional
factor of the acid etching to take into account and disentangle before any comment
can be made about the mechanism of the plasma treatment of titanium.
The two sets of data, when taken together offer differing conclusions. The first set of
data, plasma treating titanium that has been HF/HNO3 etched increases the bond
strength beyond that which has been alkaline etched. However, when comparing the
data obtained using polished titanium as a starting point the best performing joints
were those which were alkaline etched.
There is not a large difference between both sets of results, and as the plasma is not
fully optimised there may be scope to develop an improved treatment which may be
able to increase the plasma treated results further. However, the lap shear strength
is not the only guiding result in this work. The durability also shows that there
is a reasonable disparity between the alkaline etched and plasma treated samples.
Furthermore, the grit blasting stage of the pre-treatment was vital for the samples
to survive past 48 hours in the humidity chamber.
The mechanism of the treatment is thought to be the same as 316 stainless steel.
A removal of the carbon contamination followed by a development of the oxide
layer. These would both aid adhesion and produce stronger bonded joints. The
oxide development is an interesting factor to consider, unlike stainless steel, the
surface is a homogeneous layer of titanium oxide. A stainless steel surface consists of
iron and chromium in different mixtures depending on the conditions and material
history.
The oxide surface, while being very stable itself, could be modified through the
introduction of hydrogen and other polar species which are present in the plasma.
This is the final mechanism that is though to be at work when plasma treating a
surface. Unfortunately the XPS results do not demonstrate it as conclusively as the
oxygen peak is dominated by the native oxide. There is some nitrogen present on
the surface post treatment which may be a direct result of the plasma treatment
however.
Based on the data presented, the plasma treatment process itself appears to be less
effective on titanium compared to stainless steel. This is primarily based on the rate
at which the oxide is demonstrated to have grown in the depth profile experiments.
This may be a reason for the single lap shear results not being as high as the alkaline
etched samples on the polished substrate. If the treatment speed had been reduced
the surface would be exposed to the plasma for longer therefore enabling a thicker
oxide layer and enhanced morphology to develop. This would negatively impact
the life cycle analysis, however, as it would result in a longer treatment time and
increased gas flow.
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7.5 Summary
This chapter has demonstrated that the CAP treatment of Ti-6Al-4V increases the
adhesive bond strength on both the polished and acid etched samples. The single lap
shear tests showed that CAP performed well compared to alkaline etch treatment on
both HF/HNO3 etch and polished samples. In durability testing however the CAP
treated samples did not perform as well, although the alkaline etched samples were
not stable at the end of the test.
The chemical analysis carried out on Ti-6Al-4V showed a similar trend to stainless
steel, there is a reduction in organic contamination and a growth, and possible
functionalisation, of the oxide layer. As there is a smaller dataset for CAP treated
titanium it is likely that there is a considerable amount of optimisation that could
take place and produce a better bond in a faster manner with potentially a lower
gas flow rate as well.
For industry to recognise, and adopt, CAP treatment the ecological impact is a critical
factor. As the mechanical properties of the adhesively bonded joints is comparable
between CAP and chemical treatments there has to be another consideration. One
area that can separate the processes is the impact on the environment, as this is
generally a parallel to the running costs and time as well. This can be done by
performing a life cycle analysis. This have been performed in this work and the next
chapter will describe the process and results.
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Life Cycle Analysis
8.1 Introduction
Mankind’s impact on the environment is increasingly of interest to the press and
society. The current trend for growth in all sectors is unsustainable because of finite
resources and the saturation of markets. Whilst one answer to this issue is to increase
the recycling of materials when a product or item gets to its end of life, reduction
of usage should also be considered and in this context a combined approach is an
obvious option.
While recycling can reduce the footprint of an item as the primary source of the
material does not have to be revisited and therefore the mining and refining of the
constituent parts can be replaced with recycling and remaking which is generally
considered to be a more energy efficient process in itself. One of the largest com-
ponents of an items footprint can be its lifetime running. For example a car, train
or aircraft will generally burn more fuel over its lifetime compared to during the
manufacturing process (Prevedouros and Mitropoulos, 2016).
Adhesives could therefore assist in reducing the environmental footprint of several
vehicles and structures as one method for reducing the running costs is by reducing
the vehicle mass (Singh, 2012). This can be done by using a multi-material approach
to design which can be assisted by adhesives.
The current issues with the pre-treatment of metals prior to adhesive bonding is that
they are material specific and they themselves require a large amount of energy. One
aim of this project is to develop a system that could replace the current standard,
wet chemical processes while also potentially being a multi-material pre-treatment.
This would be a good start for increasing the material palette for designers to use
more readily. There is the issue of the process itself however, if the part that is being
processed is large, or there are many of them, the benefits of the process change may
be cancelled out.
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To quantify this, a life cycle analysis of the plasma process and a wet chemical
process has been conducted to enable a comparison between them and to provide a
reliable answer to which has a lesser impact on the environment.
8.2 Life cycle analysis outline
A life cycle analysis (LCA) is a framework that allows for the comparison of the
inputs and outputs of a system. The methodology itself is flexible as the system
boundary can include an item from material extraction to recycling, use or disposal
or a single process in a line of processes. The first time an LCA was performed
was by the Coca-Cola Corporation in 1969 when they were trying to determine the
impacts of moving from glass to plastic bottles (Sarkar et al., 2016). The process
has been used by many companies and industries since to give either an indication
of which process is better or to identify where high impact areas of a production
line are in order to focus any resources into improving the production line . An
LCA generally follows a set workflow, as stated in BS EN ISO 14044:2006 (British
Standards Institute, 1997). This gives the details of what needs to be included
in a satisfactory LCA. These guidelines will be how the LCA is conducted in this
project.
As this project focusses on a process, a cradle to grave LCA is not appropriate, as
this would end up repeating work for each process under analysis. For example, the
stainless steel will be the sample for both processes, as will the use and disposal of
the metal. Therefore, these common areas can be omitted and only the differences
between the processes are included in the LCA. This is called a gate-to-gate assessment
as it only considers what arrives at the factory and what leaves the factory.
This LCA will consider the consumables and running energy for the process to treat
a functional unit. The functional unit is an important aspect of an LCA as it should
be chosen to provide a useful quantity that is relevant to the process itself, for
example an LCA on 1 kg of steel would be inadequate when analysing a factory that
is capable of producing several thousand kilograms of steel a week. With any LCA
there are some assumptions that must be made to enable the LCA to be relevant.
These can be using generic figures that are an average of several factories in a region,
or the electric mix that is being used by the machines in the processing plant. The
assumptions should not have a serious impact on the results of the LCA and are
described in detail before the LCA is presented.
The results of an LCA can vary a great deal depending on the methodology used or
the system being investigated. LCA software, such as SIMAPro used in this project,
can output up to 18 different impact factors such as the greenhouse gas emissions,
depletion of the ozone layer and eutrophication. The next section will give details
about the LCA, based on the framework laid out in ISO 14044:2006, carried out in
this work, including a discussion on the assumptions and system boundary.
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8.3 Life cycle analysis details
8.3.1 Goal
The goal of this LCA is to allow for a comparison between a conventional, wet
chemical process and plasma treatment. This will include the pre-treatments as
described in BS EN 13887 for stainless steel.
The reason for the LCA is to allow for an informed decision between the processes
under examination. The reasons for change may be as a production line is being
set up or if there are further restrictions placed on the chemicals used in current
production lines meaning that their operation is no longer viable.
The LCA is intended for users of structural adhesive bonding of metals which will
predominantly be industries such as automotive, aerospace and defence.
8.3.2 Scope
This LCA is to include a gate to gate analysis of the metal pre-treatment prior to
the structural adhesive bonding of 316 stainless steel. This is suitable as using either
of the processes will not change the amount of metal used in the final structure as
the bond strength has been shown to be equivalent.
8.3.3 Functional unit
The functional unit selected for this study is 1 m2. This is based on a car that has
150 linear meters of adhesive in its body. If the adhesive bead was 20 mm wide,
which is not uncommon for the industry, the total area of adhesive is 3 m2. This will
act as a good starting point for the LCA. As not all of this adhesive bonding will be
conducted at once 1 m2 is a suitable functional unit.
8.3.4 Methodology and types of impact
The output of the LCA will be the greenhouse emissions, measured in equivalent
kilograms of CO2 (kgCO2e). This is a well understood measurement and allows for
direct comparison between the processes. The software used for this analysis will
output many other impact values which will be reviewed to ensure that there are
no large discrepancies, but they will not be reported in the primary LCA, this is
because the data behind these factors is considered less reliable.
The impact values for the processes was obtained from the Ecoinvent database
V .1.
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8.3.5 Assumptions
The assumptions are one of the most critical areas of an LCA as already mentioned.
Each one should have a qualification to promote the transparency of the process.
The assumptions made for this LCA are:
1. That BS EN ISO 13887:2003 treatments provide an adequate comparison for
what is occurring in industry currently. These processes may not be used in
industry, but due to reluctance to inform the researchers what is used by any
of the intended audience industries these will suffice. By performing the LCA
to a high standard will enable the industry itself to make the comparison to
its own processes.
2. It will be assumed that the processing will be conducted in Europe using an
average mix of electricity from all source including fossil fuel and renewable
energy sources. This data will be provided by the LCA software and database.
3. As oxalic acid is not included in the database used for this analysis a surrogate
will be used in its place, this will be citric acid. This is based on previous work
(Vahidi and Zhao, 2017) which bases the substitution on the manufacturing
route of both acids being similar.
4. The rate at which the oxalic/sulphuric acid bath becomes depleted is difficult
to model as there is no data published in this area. This may be a result of
labs operating with fresh etch solution and industry being reluctant to publish
their operating prodecures. To this end the reuse rate has been set at 5 times.
To facilitate this the functional unit is divided by this and the chemical masses
are calculated based on this smaller area.
5. The depth of the chemicals needed to treat a surface to an acceptable level is
2mm. This is based upon conservations held with 3M (3M, 2017). This is only
to replenish the bath and is not intended to be a literal 2mm covering of the
surface. The actual covering of the surface is likely to be much larger.
6. Initially the impact of manufacturing the plasma treatment equipment will be
disregarded as this is not known.
7. Anionic detergent has been replaced with soap, this is because further informa-
tion about the anionic detergent is not available, and a soap is the best match
as it is also a surfactant.
8.3.6 Process tree
A process tree for both systems was designed to illustrate the flow of resources
through the systems. Figure 8.1 shows the process tree for the acid bath and the
plasma treatment. The colour code for the diagram is: Light green for input streams,
dark green for intermediate steps, blue for the processes, red for the disposal streams
and yellow for the output stream.
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Figure 8.1: Process trees showing the inputs, outputs and processes of (a) oxalic
acid etching and (b) argon plasma treatment
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The system diagrams are simplified but do demonstrate the difference in complexity
between plasma and chemical processes. However, there is no time element included
in these diagrams however. Despite having more stages the chemical process can
be considered a faster process when compared to a single plasma torch treating the
functional unit, although the time taken for the plasma treatment is based on the
unoptimised treatment parameters used in this work. This will be an important
factor that will be investigated further in this analysis.
The mass of each chemical used for the acid bath is based on the published standard
together with the number of repeated treatments use possible and functional unit.
These are presented in Table 8.1. The energy values have been calculated assuming
that the treatment environment is 25°C and the rate at which heat is lost from the
bath is 50 W m-1 K-1. The amount of rinse water is taken to be 50 kg for the entire
process. This takes into account both rinse stages using an average tap flow rate
of 10 l min-1 (Energy Saving Trust, 2011). The disposal criteria for the acid bath
assumes that the acid bath volume is incinerated and the detergent and rinsing
water are able to be disposed of through municipal means. i.e. going down the drain.
This split is entered as a percentage based on the mass of each used. This will be
calculated for each scenario automatically.
Table 8.1: Chemical masses and energy required for the acid bath process
Process flow Quantity Unit
Detergent bath
Anoic detergent 0.00143 kg
Tetra sodium pyrophosphate 0.00429 kg
sodium hydroxide 0.00429 kg
sodium metasilicate 0.00857 kg
Deionised water 0.4 kg
Temperature 75 °C
Time 10 minutes
Acid bath
Sulphuric acid 0.171 kg
Oxalic acid (Acetic acid) 0.0286 kg
Deionised water 0.4 kg
Temperature 62 deg C
Time 10 minutes
Energy
Detergent to heat 83.9 kJ
Acid bath to heat 62.1 kJ
To maintain detergent temp 3000 kJ
To maintain detergent temp 2220 kJ
Energy to dry (10 min at in 2kW oven 12000 kJ
Heat energy from gas 5.37 MJ
Electric energy from grid 12 MJ
Total time taken 100 minutes
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The quantities for the plasma torch are more complicated as they rely primarily on
the properties of the plasma torch itself. From §6.3.5.4 the treated area can be taken
to be 12 mm in diameter. The treatment speed for all the tensile test specimens
has been 150 mm min-1. Using these parameters a value for the treatment rate was
calculated to be 1800 mm2 min-1.
Using these values the time can be calculated to treat the functional unit. This has
then been used to calculate the remaining parameters. The full set of values for the
CAP process are shown in Table 8.2
Table 8.2: Quantities for the CAP treatment process
Treatment parameter Quantity Unit
Plasma torch parameters
Torch speed 150 mm -1
Flow rate 6 l -1
Treated diameter 12 mm
Calculated parameters
Treated area rate 1800 mm2 -1
Time to treat 1 unit 555.6 minutes
Gas flow for 1 unit 3333.3 l
Energy
Plasma torch 150 W
XYZ table 150 W
Plasma and Table 10000 kJ
Based on these values some observations can be made immediately such as the
duration the treatments take. The acid bath takes 100 minutes to treat the functional
unit, this is inflated because of reusing the chemicals and treating 20% of the
functional unit at a time as opposed to the entire part in a single treatment run. It
should be noted that the time taken to heat the baths up has not been taken into
account. This is not expected to take too long as the mass of solution is 1 kg in
total.
The plasma operates on a different function however, the consumables are used
per unit area, not per unit time. Therefore, adding a second torch allows for the
treatment to be halved but the energy does not reduce considerably unless it is
assumed that they are both operated off a single manipulator. This result makes the
plasma process unsuitable for numerous applications in industry, which require the
treatment of large areas such as painting, as time is an important factor to consider.
Production lines are usually operating near capacity and so each delay reduces the
underlying efficiency of the entire manufacturing plant.
This aspect of the plasma treatment will be investigated in the latter stages of the
LCA. The treatment rate will also be varied to investigate the sensitivity of these on
the environmental footprint. This is thought to be a critical area for the optimisation
of the process.
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8.3.7 Processes used
Tables 8.3 and 8.4 show the data sources used for the LCA analysis.
Table 8.3: Details of the processes used for oxalic acid etching used in SimaPro
Oxalic acid etching process Database Unit Quantity
Citric acid {CN}— production
Alloc Def, S
Ecoinvent 3 - allocation,
default - system
kg 0.0285
Electricity mix, AC,
consumption mix, at consumer,
1kV - 60kV EU-27 S
ELCD MJ 12.0
Hazardous waste,
for incineration {CH}—
treatment of hazardous waste,
hazardous waste incineration
— Alloc Def, S
Ecoinvent 3 - allocation,
default - system
kg 0.599
Heat, central or small-scale,
other than natural gas
{Europe without Switzerland}—
market for heat, central
or small-scale, other than natural gas
Conseq, S
Ecoinvent 3
- consequential - system
MJ 5.30
Soap {RER}— production — Alloc
Def, S
Ecoinvent 3 - allocation,
default - system
kg 0.00142
Sodium hydroxide, without water,
in 50% solution state {RER}
chlor-alkali electrolysis,
diaphragm cell
— Alloc Def, S
Ecoinvent 3 - allocation,
default - system
kg 0.00428
Sodium metasilicate
pentahydrate, 58% active substance,
powder {RER} —production —
Alloc Def, S
Ecoinvent 3- allocation,
default - system
kg 0.00857
Sodium pyrophosphate {GLO}
—production — Alloc Def, S
Ecoinvent 3- allocation,
default - system
kg 0.00428
Sulfuric acid {RER}—
production — Alloc Def, S
Ecoinvent 3 - allocation,
default - system
kg 0.171
Waste water - untreated, organic
contaminated EU-27 S
ELCD kg 50.4
Water, deionised, from tap
water, at user {GLO}— market for
Alloc Def, S
Ecoinvent 3 - allocation,
default - system
kg 50.8
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Table 8.4: Details of the processes used for the argon plasma treatment in SimaPro
Oxalic acid etching process Database Unit Quantity
Argon, crude,
liquid {RER}—
air separation, cryogenic
Alloc Def, S
Ecoinvent 3 - allocation,
default - system
kg 6.60
Electricity mix, AC,
consumption mix, at
consumer, 1kV - 60kV EU-27 S
ELCD MJ 15.0
Hazardous waste,
for incineration {CH}
—treatment of hazardous waste,
hazardous waste incineration —
Alloc Def, S
Ecoinvent 3 - allocation,
default - system
kg 0.537
Isopropanol {GLO}
market for — Alloc
Def, S
Ecoinvent 3 - allocation,
default - system
kg 0.500
Ventilation of dwellings,
central, 1 x 720 m3 h-1 {GLO}
market for
Conseq, S
Ecoinvent 3 -
consequential - system
m2 0.500
8.3.8 Results
The results for a direct comparison between the two processes are shown in Figure 8.2,
and assume that the etching process is 100% efficient. Based on this data the chemical
etching process has significantly a lower impact on the environment when compared
to the argon plasma treatment for the functional unit. This includes the manufacture
of raw materials, use, disposal and running energy for the two systems.
This analysis assumes that 100% of the treated part is going to be adhesively bonded.
This is not likely to be the case. If adhesive is only going to be applied to the edges
of a part the chemical etch process would require, at minimum, that both sides of
the part be etched whereas the plasma treatment could be applied to just the area
to be bonded. Based on this observation the analysis was re-run using an efficiency
factor of 50% for the chemical etch and 90% for the plasma treatment, these results
are presented in Figure 8.3. This takes into account that both sides of a sheet are
being treated by the oxalic acid treatment and a to allow for a 10% over treatment
in terms of area for the plasma.
These results show that when the efficiency of the chemical process is reduced
there is almost parity with the plasma process in the climate change factor. The
50% efficiency level has been selected to provide a realistic treatment efficiency the
consideration that to treat one side of a thin section will inevitably result in the
treatment of both sides.
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Figure 8.2: Comparison of several impact factors for oxalic acid etching and plasma
treatment, assuming oxalic acid etching is 100% efficient
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Figure 8.3: Comparison of several impact factors for oxalic acid etching and plasma
treatment, assuming that oxalic acid etching is 50% efficient and plasma treatment
is 90% efficient
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8.3.8.1 Further analysis
A life cycle analysis can be used as a tool to provide information in order to steer
the development of the plasma process. This can be done by using a parametrised
analysis, whereby several sets of data are computed with one value being incremented
each time. This can then be compared to the 100% efficient oxalic acid etch values.
This comparison can then provide a mass of argon per unit area that can be used to
break even with the chemical process. Progressing this further, the mass of argon can
be converted into a treatment rate in terms of surface area per unit time. This value
is comprised of the treatment diameter and the torch speed during treatment.
The plasma torch in this work has four nozzle plates which have been discussed and
analysed in §6.3.5.4. Based on these results they produce a treated diameter of either
2.5 mm or 10-12 mm. For the LCA, the 0.2 mm nozzle value will be omitted as it was
not conducted using the same flow rate as the other nozzle diameters. Therefore this
would require a stand-alone LCA to be conducted for this special case. The gas flow
and the treatment speed can be varied to a greater degree, however. This method
can give a range of treatment parameters which can be used for future mechanical
testing to investigate if the bond strength can be maintained at parity with the acid
etched samples. The testing phase has not been completed in this work but the
initial phase of identifying the treatment parameters to use has been and the results
are discussed in the following paragraphs.
Figure 8.4 presents the climate change factor for both the oxalic acid etch at 100
and 50% efficiency and an argon plasma treatment using different masses of argon to
treat one functional unit.
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Figure 8.4: Comparison of several impact factors for oxalic acid etching and plasma
treatment, assuming oxalic acid etching is 100% efficient
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Table 8.5: Showing the mass of argon for a given gas flow rate and treatment rate to
treat 1 functional unit (1 m2)
Mass of argon required for 1 functional unit (kg)
Flow
rate (l min-1)  1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Treatment
rate mm2 min-1 _
1000 1.7 3.3 5 6.6 8.3 9.9 11.6 13.3 14.9 16.6
1500 1.1 2.2 3.3 4.4 5.5 6.6 7.7 8.8 9.9 11
2000 0.8 1.7 2.5 3.3 4.1 5 5.8 6.6 7.5 8.3
2500 0.7 1.3 2 2.7 3.3 4 4.6 5.3 6 6.6
3000 0.6 1.1 1.7 2.2 2.8 3.3 3.9 4.4 5 5.5
3500 0.5 0.9 1.4 1.9 2.4 2.8 3.3 3.8 4.3 4.7
4000 0.4 0.8 1.2 1.7 2.1 2.5 2.9 3.3 3.7 4.1
4500 0.4 0.7 1.1 1.5 1.8 2.2 2.6 2.9 3.3 3.7
5000 0.3 0.7 1 1.3 1.7 2 2.3 2.7 3 3.3
5500 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3
6000 0.3 0.6 0.8 1.1 1.4 1.7 1.9 2.2 2.5 2.8
6500 0.3 0.5 0.8 1 1.3 1.5 1.8 2 2.3 2.5
7000 0.2 0.5 0.7 0.9 1.2 1.4 1.7 1.9 2.1 2.4
7500 0.2 0.4 0.7 0.9 1.1 1.3 1.5 1.8 2 2.2
8000 0.2 0.4 0.6 0.8 1 1.2 1.4 1.7 1.9 2.1
8500 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 1.9
9000 0.2 0.4 0.6 0.7 0.9 1.1 1.3 1.5 1.7 1.8
9500 0.2 0.3 0.5 0.7 0.9 1 1.2 1.4 1.6 1.7
10000 0.2 0.3 0.5 0.7 0.8 1 1.2 1.3 1.5 1.7
Using the 100% efficiency intersect point on this graph gives the mass of argon to
be 1.5 kg to break even with oxalic acid etching. This value can now be used in
Table 8.5 to provide a range of treatment rates that will consume 1.5 kg or less per
functional unit. In the table, the cells which have been shaded blue are less than
or equal to 1.5 kg. From this a range of treatment rates is known, being 1500 to
10,00 mm2 min-1 depending on the flow rate.
Theoretically the upper limit could be removed, as any increase in treatment rate
would be beneficial for the environmental impact, if the other aspects of the work
were to be ignored, such as the comparison of bond strength, this would be beneficial.
This would be a pointless exercise however, only rooted in one domain and not taking
all of the facets of this work into account. For this work the treatment rate has been
limited to 10,000 mm2 min-1 based on the maximum torch speed of 2000 mm min-1
and a minimum treated diameter of 8 mm.
These treatment rate values can then be used in Table 8.6. The cells shaded in
green show the torch speed and treatment diameter combinations that can achieve
such a treatment rate. As this is a forward looking analysis aimed at guiding the
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development process, treatment diameters larger than those possible have been
included in this table.
Table 8.6: Table showing the torch speed and treatment diameter combinations for
each treatment rate
Treatment Rate (mm2 s-1)
Treatment diameter
(mm) 
Treatment speed
(mm s-1) _
8 10 11 12 13 14 20
100 800 1000 1100 1200 1300 1400 2000
200 1600 2000 2200 2400 2600 2800 4000
300 2400 3000 3300 3600 3900 4200 6000
400 3200 4000 4400 4800 5200 5600 8000
500 4000 5000 5500 6000 6500 7000 10000
600 4800 6000 6600 7200 7800 8400 12000
700 5600 7000 7700 8400 9100 9800 14000
800 6400 8000 8800 9600 10400 11200 16000
900 7200 9000 9900 10800 11700 12600 18000
1000 8000 10000 11000 12000 13000 14000 20000
1100 8800 11000 12100 13200 14300 15400 22000
1200 9600 12000 13200 14400 15600 16800 24000
1300 10400 13000 14300 15600 16900 18200 26000
1400 11200 14000 15400 16800 18200 19600 28000
1500 12000 15000 16500 18000 19500 21000 30000
8.4 Discussion
The results of the LCA conducted show that the current ISO standard treatments
have less of an impact on the environment compared to a pure argon plasma when
used as it has been in this work. Further analysis of the LCA demonstrates that
the weakness of the plasma treatment is the amount of argon required which is a
function of the treated area and plasma set up.
The reason for selecting these parameters in this work was to ensure that the surfaces
were being treated and that any changes in the bond strength would be realised.
To take this work further an optimisation process would be required where faster
treatment speeds and different gas flow rates can be used to make joints which can
subsequently be tested mechanically. This would provide the additional information
required to complete this phase of the work and determine whether the plasma
treatment can be used and have a smaller value for climate change.
For this phase of the work the assumption that the chemical processes are 100%
efficient would be maintained. It is unlikely that this is the case in the real world
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but maintaining it will ensure confidence that if a valid plasma parameter combi-
nation is found, that can produce reliable joints that are equivalent, or superior,
in bond strength to a wet chemical treatment, it will have a lower impact on the
environment.
Adding to this, the case analysed in this work provides the chemical process with
the best possible scenario. For example the sample is assumed to be flat with only
the absolute minimum covering of etchant of 2 mm required to treat 5 samples. In
the real world the geometry of the parts to be treated will most likely dictate that
the entire part is dipped in a large bath of chemicals. Unlike the plasma treatment
situation that can be used in cooperation with a robotic manipulation to selectively
treat the areas that are to be bonded.
Furthermore, using these tables and the information already known in this document
it may be possible to increase the torch speed while maintaining the same level of
treatment of the surface. Based on the XPS maps in §6.3.5.5 a speed of 750 mm min-1
achieved the same carbon concentration as 150 mm min-1.
One factor that is not considered with this analysis methodology is time. This is
because it is difficult to factor in to such situations. The CAP process also exacerbates
this as these figures are based on a research instrument. As cost of treatment is
based on gas per unit area increasing the number of torches reduces the time taken
to treat in a linear fashion with no increase in the environmental impact. This would
be an important consideration if this process were to be rolled out further and should
be considered for the further work.
The primary advantage of the CAP process compared to the chemical treatment is
the fact that it is dry. This removes the two rinsing stages in the process which are
costly in terms of resources and disposal. The plasma treatment does use a large
amount of electricity, however. This in itself has drawbacks as there are considerable
inefficiencies in the power generation grid which are gradually being addressed such
as the large amount of fossil fuels energy sources powering the national grids. This
is something that the plasma process is unable to influence, unfortunately, and
using more or fewer plasma torches would not greatly change the amount of power
consumed per functional unit.
While this analysis is based on a comparison of plasma to chemical etching and
investigates methods that could be employed to improve the plasma treatment so
that it is at parity of chemical etching in terms of impact to the environment and in
terms of bond strength and durability. This is not to say that chemical etching has
is without it’s advantages. When treating a large area or intricate part that required
a further process such as painting a chemical dip can be much more time efficient
than a spot treatment such as plasma.
The titanium process has not been included in this analysis. This is because it is
known to have a much lower impact on the environment compared to oxalic acid.
The etchant itself is safe to dispose of through municipal waste systems which reduces
the disposal costs and therefore makes it have a far lower impact. It is therefore
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unfeasible to compare this to the plasma process and go through the same steps to
determine potential treatment parameters.
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Chapter 9
Assessment of CAP as a
pre-treatment of metal for
structural adhesive bonding
9.1 Introduction
This thesis has given the details, results and discussion for several different areas
regarding the cold atmospheric plasma treatment of metals for structural adhesive
bonding. This chapter will discuss the overall application of CAP, and whether it can
satisfy the aims and objectives laid out in §1.4. These were devised to help ascertain
if CAP could be used in industry, based on some of the key requirements.
This chapter will also comment on the results in general, including the methods that
have been developed during the course of this work, and discuss the methodology in
terms of reliability. This is important for such work, as unreliable results may lead
to ineffective work being reported and no progress being made overall.
To begin, the aims and objectives will be restated and then discussed using information
and data from all of the work reported in this thesis to further ascertain if they have
been achieved or not, or if it impossible to achieve or is there more work that can be
done to progress to the system in the future. The aims and objectives are:
1. For the pre-treatment to be a dry process.
2. Take a similar amount of time compared to wet chemical treatments.
3. Not incur the same health and safety demands that wet chemicals require.
4. Produce a joint that has a similar initial strength to one that has been chemically
treated.
5. Produce a joint that exhibits a similar durability to one that has been chemically
treated.
6. Have the ability to treat a range of materials effectively.
187
CHAPTER 9. ASSESSMENT OF CAP
9.2 Discussion
9.2.1 For the pre-treatment to be a dry process
In isolation, the plasma treatment is a dry process. When considered in the LCA,
however, there was a solvent wash stage included as this gave the best results in
testing and also removed any printing on the steel. This is evidently is a wet step
but it does not have the same impact when compared to the chemical etch process.
This is because any of the solvent will evaporate from the sample in atmosphere
at ambient temperature, it does not leave a residue which requires a further water
rinse.
The solvent stage has several advantages in this work which would only increase
if this process were taken up by industry. The main one is that it produces a
homogeneous surface, albeit of contamination, prior to the plasma treatment step.
If there were a large amount of contamination in regions of the surface, this stage
would remove some and redistribute the rest. This means the plasma torch is better
able to remove the remainder, i.e. low levels of contamination, and treat the surface
appropriately.
A plasma torch could also be used for this purpose which would reduce the use
of solvents to zero and therefore the entire process could be considered dry. The
issues of the unknown surface however may mean that not all of the contaminant is
removed prior to the actual treatment stage. This has not been investigated in this
work as it would prolong the treatment time for the samples.
9.2.2 Take a similar amount of time compared to wet chem-
ical treatments
It is unlikely for industry to be interested in using a slower pre-treatment system, as
this would reduce throughput on a production line. Unfortunately, this is difficult to
measure as discussed in the LCA, Chapter 8. The time taken to treat an area can
be halved by using two torches instead of one, or reducing to 1/n of the single torch
treatment time where n is the number of torches. When increasing the number of
torches the capital cost for the torches and robots will increase but the running costs
will remain the same no matter how many torches that are running as a set amount
of working gas is required per unit area.
To achieve a similar treatment time, as used for chemical treatment in the LCA,
seven torches would be required when using the same treatment parameters used
throughout this work. This is not unfeasible in terms of space as the plasma torch
head is small and therefore can be packed closely together.
Currently, using multiple torches would require purchasing distinct units for each
torch to provide power and gas measurement. If this were something that is beneficial
for the process in terms of large scale treatment then the unit can be redesigned to
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include a more powerful microwave generator and have several torches attached at
to the output.
9.2.3 Not incur the same health and safety demands that
wet chemicals and acids require
As the plasma treatment only uses argon or helium this can be vented safely to
atmosphere. The only real health implication would be if using the plasma system
in a confined space for a prolonged period. The plasma torch does generate ozone
which can be harmful to health if inhaled at high concentrations. For the pure argon,
the concentration of ozone is not high enough to cause any issues or require any
additional safety measures over the general ventilation, but when air is used as a
dopant there is a significant amount of ozone, which may require extra ventilation to
be in place for prolonged use. Ozone itself is a relatively short lived molecule and
will therefore decompose over time, and can be vented to atmosphere with the other
exhaust gases. This only occurs for certain gas combinations, however, such as air
containing or a different humid feedstock.
The oxalic acid etch used for the stainless steel required special care and attention,
as it used hot acid baths which do release fumes into the atmosphere, these require
proper ventilation which include scrubbing stages to ensure that micro droplets do not
escape the system. When the acid is used it also requires appropriate disposal which,
in most cases is evaporation of the water and incineration of the solid residue.
The titanium treatment is less harmful to human health, but does still have some of
the same health problems, if they were to come into contact with skin for example.
This requires sufficient personal protective equipment for any workers in the vicinity
of the treatment baths.
The baths themselves will also require regular monitoring is ensure that they are
of the correct concentration to achieve a suitable finish prior to bonding. This is
unlikely to be done automatically as samples are needed from the bath. The plasma
does not have this issue as there is the potential to monitor the torch and substrate
remotely and log the data constantly to ensure that the surface is being treated at
an optimum level.
9.2.4 Produce a joint that has a similar initial strength to
one that has been chemically treated
The current work has assessed joint strength via single lap shear tests and Boeing
wedge tests.
Plasma treatment surpassed the oxalic acid etch when treating grit blasted stainless
steel. Grit blasting is an important stage in the treatment, however, as non-grit
blasted plasma treated surfaces did not perform as well as the chemical treatment
when tested. To progress CAP as a pre-treatment in a meaningful manner will require
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work to remove the grit blasting requirement. This may be possible by changing
the plasma gas or by using another method entirely such as laser etching prior to
plasma treatment. The impetus is to remove the grit blasting as it is generally a
dirty process and leaves the sample covered in dust which requires removal prior to
further treatment.
The titanium results show that the plasma can be superior to the alkaline etched
treatment but only when the samples have been etched with hydrofluoric/nitric acid
first. This is advantageous to know but ultimately does not aid the argument for
adopting plasma treatment. The additional results using polished titanium showed
that there is a substantial increase in the bond strength when the surface is plasma
treated but it does not quite attain the strength of the alkaline etched samples. For
this experiment however there were only two plasma combinations tested. This is
because the polishing stage extended the overall treatment time considerably which
made testing more samples unrealistic.
The reason for the increased adhesive bond strength appears to be a result of at least
two factors, if not three. The first is the reduction of carbon on the surface, this
has been mentioned several times before and is well documented in the literature.
This appears to be a rapid process as the XPS data show that 150 mm min-1 reduces
the carbon to the same level as a treatment performed at 750 mm min-1. At the
stand-off distance used in this work the active species in the plasma are ions so the
hydrocarbon reduction is likely to be a result of ion bombardment and subsequent
chain scission and ablation. A second modification to the surface is the growth of
the oxide layer, this is likely to increase the bond strength, as it is unlikely to be
a uniform growth resulting in a flat surface. This roughness will increase the bond
strength as a result of a slightly increased surface area, and also because of the
mechanical interaction between the adhesive and the roughened surface. A final
process that is the functionalisation of the oxide surface, this can be through the
inclusion of hydroxyl or amine groups on the surface which has been shown in the
XPS and SIMS results. This may occur to the new oxide layer and provide the
increase in surface free energy detected.
It is interesting that this was not reflected in the lap shear results, XPS or SIMS
analysis however. The difference between the plasma chemistry may influence the
rate of the treatment. As the exposure times in this work were long, to maximise any
effect induced by the palsma, it may not be possible to differentiate any differences
in treatment rate. To determine this would require many more analyses being carried
out with different plasma torch movement speeds for each gas type. The differences
highlighted by the OES and MBMS do imply, however, that there may be differences
to be leveraged for each gas combination.
These processes will be considered in more detail later in this chapter which will also
cover potential areas that can be used to develop the plasma system further. The
additional discussion on this testing will also cover the investigation into the test
itself and the failure surface analysis conducted alongside the primary testing of the
joints.
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9.2.5 Produce a joint that exhibits a similar durability to
one that has been chemically treated
The durability of the treatments was tested using the Boeing wedge test. These
results can be considered complementary to the lap shear tests, as they show that
there is an improvement in the bond durability. However, there may be varying
environments and loading situations that the adhesive joint can be subject to in
its lifetime, therefore, the joints may react differently in service. The purpose of
this test is to give an initial comparison between the treatments. From this testing
the importance of the grit blasting can be seen for stainless steel and is even more
evident in the titanium results.
This is already known and has been published, the issue is that the grit blasting
is a ‘dirty’ process and the entire system would be better if it was removed. It is
also difficult to grit blast thin sections evenly to produce repeatable results. As the
plasma treatment has been shown to increase the oxide layer thickness, based on
the published work it is likely that the new oxide has increased roughness over the
original surface (Lee et al., 2009). The roughness will be several orders of magnitude
less that when git blasted, however, so to achieve a similar result may require a very
long plasma treatment, a higher energy plasma or a different plasma chemistry to
that used so far.
9.2.6 Have the ability to treat a range of materials effec-
tively
This thesis demonstrates that using CAP to treat stainless steel and titanium will
produce an increase in the dry bond strength regardless if the surface has been
grit blasted or not. For stainless steel, plasma treatment was able to surpass oxalic
acid etching whereas for titanium the results were reversed with alkaline etching
performing slightly better than plasma treatment.
The large increase in mechanical performance between untreated and CAP treat-
ment for both materials is a positive result and shows that plasma treatment can
produce favourable results on both of these metals. There may also be some further
combinations that are yet to be explored, which will increase the bond strength
results further, these possibilities for improvement will be discussed later in this
section.
As plasma treatment is already used in the polymer industry, it is likely that a CAP
process could be used where structural bonding or polymer/metal interfaces are
used. This would not be a replacement of current corona discharge treatments being
used to treat webs of film at a very high rate but does improve the potential for the
use of structural polymers and composites. Composite materials are an interesting
market which is expanding rapidly into many industrial sectors. One serious issue is
the joining of such materials to themselves, pure polymers and metals without the
need for any drilled holes. And a desirable system is composite/titanium as they
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are relatively similar in terms of mechanical properties. To date plasma can be used
on the titanium to improve bond strength, to expand this to treat composite would
would be the next logical phase of work.
Some differences between titanium and stainless steel exist beyond which gas combi-
nation achieved the highest bond strength. On the whole the helium based treatments
out performed the argon based treatments when the substrate was stainless steel.
For titanium substrates some of the best performing joints were treated with argon.
This, in itself, is not advantageous but may have a serious impact on the health
and safety or cost of the treatment as the price of helium is currently an order of
magnitude higher than argon and is set to rise despite new reserves being found
(Briggs, 2016).
9.3 Remarks on the aims and objectives
Over the course of this thesis there has been a large amount of work and results
presented which cover all of the aims for the treatment of both stainless steel and
titanium with CAP. While all of the aims have not been comprehensively answered,
with the aid of the work presented, the understanding of CAP has been furthered
towards each of them.
There are several areas that can still be improved which will be discussed §10.4.
These cover some of the ‘real world’ issues that would concern industry when looking
for a new process such as the rate at which it can be applied, the longevity of the
treatment and the overall cost. These have been partly considered with the use of
the LCA which has produced a different view of the process and allowed for some
valuable observations to be made such as the treatment parameters for the break
even point.
The reason for not changing the flow rates during the adhesion experiments and
XPS analysis of the substrates was to manage the volume of experiments for the
time available. Furthermore the initial testing work based on surface free energy
of stainless steel showed no change in SFE at different gas flow rates, presented in
Chapter6. Based on this information and the consideration of the life cycle, presented
in Chatper 8, it was decided that using 8 l min-1 ensured that the sample would
be treated to an adequate degree and allow for higher rates of torch movement if
needed. Based on the OES and MBMS data the plasma appears consistent in terms
of chemistry and composition and therefore a lower flow rate may be beneficial for
the impact analysis of the process.
Overall there is a good argument to be made in favour of plasma treatment replacing
chemical treatments as it can produce a similar bond strength, exhibits comparable
durability characteristics and may, with further optimisation, be as fast as chemical
treatments. The largest bonus is has however is the fact that is can treat different
materials without any serious change over costs. The control system developed in
this work can be modified to control a series of valves and therefore completely
change the chemistry of the plasma ‘on-the-fly’. This would enable the treatment of
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dissimilar metal components in close succession and would still produce a reliable
bond. Extending this to a production line would have added advantages as the only
changes would be the gas supply compared to changing the chemical baths.
All of these advantages, together, when implemented in a production line could
widen the materials palette for a designer which, in turn, could lead to a reduction
in the mass of a vehicle through the use of adhesive joining. This reduction in mass
would result in overall reduced running costs in tandem with a lower impact on the
environment.
Alongside this work there have been several other areas that have been developed
and explored that aren’t necessarily focussed on CAP treatment itself, but offer an
insight to the methodology used in this work. These will be discussed in the following
sections.
9.3.1 Discussion on the CAP methods and techniques
9.3.1.1 Development of a control system
Early on this this work it was realised that a significant disadvantage of the plasma
system used is that the controls are entirely manual. Changing the gas flow took
time as the controls are very sensitive. This is exacerbated with the use of a humid
gas flow, as there is an added complication of monitoring the inlet gas humidity and
setting both gas flows at the same time. To over come this a control system was
devised which has been documented in §4.2. This system makes the changing of
gas flow relativity straight forward and control the gas flows when a humid inlet is
required. Further more it also monitors both of the gas flows and the humidity of
the gas just prior to the plasma torch itself.
This was the limit of significant modification to the plasma rig but there are several
other areas which could be improved in this system with a view for increasing the
functionality of the CAP process and also monitor the treatment is real time. One
of the improvements would be to use the control system to change the inlet gases
using controlled valves, enabling the system to treat a known material with the best
known plasma combination.
Other additions cover the monitoring of the process. This is a vital part for the
use of adhesive bonding. As it is not possible to predict the strength of the joint
without testing it to failure, it is imperative to have rigorous quality control during
the adhesive bonding process. The most basic of these monitors would be to record
the torch/substrate potential assuming the substrate is conductive. This gives an
indication of the stand off distance which, based on the XPS data may affect the
degree of treatment. This measurement must be used with caution, however, as for
some gas combinations there is a maximum potential which is not at 0 mm stand off
distance. This could lead to false reporting of the position.
Optical emission spectroscopy is another tool which could be used to monitor the
plasma and control the inlet gas flow. It can be done without disrupting the plasma
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plume or removing any gas from the flow and could allow for the tuning of the gas
flow to maximise certain peaks or a set peak ratio. If automated this system could
be used to test many more samples as the gas flows are much more stable under
computer control allowing for faster changing of the plasma parameters between
samples.
9.3.1.2 Lap shear analysis
As the lap shear is a ubiquitous screening test for adhesive bonding, and during
the course of this work there hundreds of single lap shear samples made and tested.
This provided an excellent opportunity to perform an additional investigation on the
method without impacting the results and the final goal.
As has been previously mentioned in §3.3.2 the samples were made in accordance
with BS ISO 4587:2003 apart from the process of bonding the samples individually,
the standard states that two plates should be bonded together and the cut to the test
specimen sample size. This is thought to increase the likelihood that the samples are
straight and uniform. In this project the samples were cut to the correct dimensions
before pre-treating and bonding to avoid the cutting stage. It is thought that the
cutting of the adhesive might introduce cracks and defects into the adhesive itself
which would act as a locus of premature failure.
The measuring of the samples was performed for the largest of the experimental sets,
the stainless steel test pieces. The results show that there is some spread for each of
the parameters measured, this can be expected as it is a manual process. There are
a few outliers towards the high end of each of the measured values. This initially
provided cause for concern for the tensile data before the samples had been tested as
these disturbances from the expected dimensions are thought to disrupt the overall
strength of the joint.
Upon completion of the tensile testing and after normalising the data against the
mean for each test set, the data shows that the single lap shear test is robust to a
relatively large amount of disturbance from the ‘perfect’ sample. This is good news
for the users of this test. This dataset does not detract from the method stated in
the standard however as that may be the best option for some substrate/adhesive
combinations. The adhesive used in this work is a film adhesive which is relatively
easy to work with and has a controlled melt and spew during the curing process.
This means that there is not much movement between the samples while they are in
the oven. The adhesive out-life is also considerably longer than some others. If this
work were being conducted using a two part paste adhesive the method laid out in
the standard may have been the best option for joint manufacture.
The next section will discuss the implications of the subsequent analysis of the
single lap shear samples and the determination of the failure type and fractal
dimension.
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9.3.1.3 Failure surface analysis
Cohesive failure quantification
The additional work performed in this thesis to develop and test a system for
producing repeatable and reliable cohesive failure results has been a challenge
because of the adhesive/substrate combination but after some experimentation a
set of data was produced which be repeatable between investigators and has several
advantages over a visual inspection. The accuracy of the system was not fully tested
but, based on the SEM images shown in Appendix B and the values calculated by
the system for these samples, presented in 4.1.5.4, there does not appear to be a
large dissimilarity.
Any automated, or semi-automated, system relies on the input data. This was found
to be the largest hurdle for this system, as the analysis is contrast based the selection
of substrate and adhesive made acquiring suitable photos difficult. This was overcome
in this work by baking the samples, which proved to be effective. Furthermore as
the system records all of the images in generates along with the data, any obviously
erroneous data points can be reviewed and assessed for any problems.
The dataset created by asking 10 people from TWI Ltd. to use the system shows
that the data is consistent. With minimal instruction each of the users was able
to operate the software, even if they were unsure what cohesive failure is. On the
other hand the estimations from the experts showed a large degree of spread. Each
of the experts were asked to give a value for the cohesive failure percentage. One
explanation was thought to be that some of the judges mistook the measurement
and inverted all of the values i.e. 10% cohesive failure would be recorded as 90%,
to check this the data was cross referenced between the judges and there were no
obvious trends between them. This is a revealing results, while it required further
substantiation, this initial finding could be worrisome for the methodology.
Another large advantage of the automated system is that additional metrics can be
recorded, in this work the fractal dimension was included. Another potential metric
would be the distribution of adhesive along the two major axes of the failure joint.
This could be linked to the degree of stress occurring and give a measure of the joint
twist while under loading. Furthermore the average adhesive distribution could be
calculated across all of the samples which could give general information about the
entire test set.
The SEM images of the 10 failure samples are a very good dataset, using the
backscattered imaging mode allowed for excellent contrast while also allowing for
high resolution images to be acquired. Based on this it is thought that the data
from these images is reliable. The only drawback to this methodology is the time
required to acquire and process the images and the storage space required. The
higher magnification images, being 1.2 gigapixels per failure surface, were impossible
to process using the MATLAB routine on any computer that was accessible during
this work. Therefore they were split into segments, this nullified the fractal dimension
results but did allow for a comparison of the cohesive failure. This was shown to
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increase at the higher magnification, which reinforces the notion that the fracture
surface of adhesives is fractal in nature.
Fractal dimension calculation
The fractal dimension of failure surfaces has been the topic of an investigation before
but this was for metal failure, not adhesives (Underwood and Banerji, 1986). Since
the publication technology has progressed enough that the fractal dimension of an
image can be calculated in seconds rather than by hand. This allows for much
larger data sets which can be analysed and the statistics made more robust for the
interpretation of the data.
Based on the data that was obtained in this work the hypothesis that a higher
failure load would equate to a higher fractal dimension does not appear to hold
true. For stainless steel there is a slight upward trend displayed when the data is
plot. For titanium this trend is reversed. This may be a symptom of considering
the perfect scenario and basing theories on that rather than what occurs in practise.
The difference may be attributed to the imperfect nature of the test and the samples
bending as they are tested.
The lap shear test itself is complicated when considered in terms of stress. While
’shear’ is in the title and the aim is to probe the shear strength the free ends of the
joint experience a peel force while the joint twists under loading. Using a spacer in
the jaws holding the sample helps with the off-centre loading but does not eliminate
it. When the peak stress at the free ends reaches the critical limit a crack initiates
and advances through the sample almost instantly. Under these transient conditions
the failure is dictated by the path of lowest energy use in terms of creating the two
interfaces.
A better measure of this may be to calculate the fractal dimension from the free end
of the sample to a known point into the joint. This may provide a more significant
relationship between the fractal dimension and the failure load. To further this
concept the system could be extended to give a distribution of adhesive across the
failure surface either in the load direction or in the transverse direction. This may
further elucidate to the loading direction and potentially determine if there were any
issues with the samples under test. These points are all speculative and have not
been implemented bt will be considered for further work.
196
Chapter 10
Concluding remarks
10.1 Summary
The work presented in this document covers many areas relating to the pre-treatment
and adhesive bonding of metals. It has focussed the cold atmospheric plasma
(CAP) treatment of metals, whilst also including analysis of the mechanical tests
undertaken and preliminary exploration into possible improvements on the CAP
process itself.
Based on the data presented the CAP process could replace a wet chemical treatment
on stainless steel and produce a joint with the same dry bond strength and very
similar durability characteristics. The argument is not as strong for titanium as the
dry bond strength is slightly lower when compared to the alkaline etch, as is the
durability of the joint.
As the CAP process is in its infancy, however there are several areas that have not
been investigated which may increase the joint strength further.
10.2 Key findings
CAP is a viable pre-treatment for the structural adhesive bonding of metals. The
data presented here gives a strong argument for developing the system further which
may increase the mechanical performance for bonded stainless steel and titanium.
The evidence also shows that there it is worthwhile investigating the effectiveness of
CAP on additional metals, alloys and other materials.
Further to this, there have been several other interesting observations:
1. The mechanism of the bond enhancement has been explored and evidence for
the three main modifications of the surface has been found which are the:
(i) Removal of hydrocarbon contamination as seen using XPS and ToF-SIMS.
The reduction is substantial from 80-90 %At. to ∼30 %At.
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(ii) Functionalisation of the newly exposed surface, this is elucidated to in
the XPS and shown more clearly in the ToF-SIMS data
(iii) Development of the oxide layer, this has been shown on both metals by
comparing the intensities of peaks in the XPS depth profile.
2. The CAP process itself appears to be relatively robust in terms of gas flow rate
and gas combination with the majority of input gas combinations performing
equally well.
3. The plasma plume is changed significantly by any dopant which changes
the plasma chemistry but does not appear to change the surface chemistry
significantly.
4. Parameters of the plasma can be measured in real time and monitored to
ensure that adequate treatment has been achieved.
5. Dimensions of the treated area when the plasma plume is stationary and the
width of the treated area using three different speeds.
6. Life cycle of the plasma treatment process is comparable to the oxalic acid etch
process in a real world scenario when considering the climate change impact
factor.
7. The plasma is influenced by the atmosphere in which it is being used. This
could be used to modify the plasma further.
These key findings provide a succinct over view of the work presented in this thesis.
Each of the points above will be discussed in more detail in the next section to give
more insight into their foundation and why they are considered to be important.
10.3 Discussion of the key findings
1. (i) The removal of hydrocarbon is an important step in the pre-treatment process,
as the hydrocarbon contamination builds up from the native surface is exposed to the
atmosphere it is impossible to remove it completely. Therefore reducing it to a working
level is desirable, as all adhesives have a tolerance to some contamination.
The efficacy o the removal is also an important aspect to consider, as this work is
investigating the application of CAP for an industrial process, a reduction in process
time is an important factor. the multiple parameters XPS map, presented in §6.3.5.5,
demonstrates that speeds of up to 750 min-1 reduce the carbon to the same level as
much slower treatment speeds. This is advantageous for an industrial process.
The nature of the carbon removal is also an interesting topic to cover. In this work
the stand-off distance was 5 mm for most of the work. Based on the data obtained
during the plasma analysis the plasma is primarily ions at this stage. This implies
that it is energetic ion bombardment induced chain scission that is driving the
removal of carbon. There is a likelihood that the rate of carbon removal could be
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increased by reducing the stand-off distance. Based on the plasma potential, at 2 mm
there are electrons present in the plasma plume. These could also drive the carbon
removal and produce a greater rate of removal.
While there is a large amount of data that demonstrates that there is a reduction in
carbon containing species at the surface there is also some increase in carbon-oxygen
containing molecules. These may be produced by oxidising the carbon contamination
already present, or from a build up of polar carbon species being deposited first from
the atmosphere.
1.(ii) Based on the XPS and SIMS data there are increases in the oxygen and nitrogen
containing species on the surface post treatment. Some of this will be a result of the
oxide layer being closer to the surface and not being under as much contamination.
There will also be a contribution from any functionalisation of the surface which is
going on during the plasma treatment.
As mentioned in the previous point there appears to be some increase in the carbon-
oxygen containing species, this may not be overly beneficial for the bond strength
as the polar carbon may be weakly bound to the surface. However, the tensile test
data reinforces that there is a positive effect. The role that the functionalisation of
the surface has in that is not entirely known.
1.(iii) The development of the oxide layer during a plasma treatment is not a novel
thought, it had been discussed in several papers. The data in this work which backs
up the hypothesis, however, is novel. The depth profile through the surface oxide
layer and subsequent comparison between treatment times demonstrated that there
is a significant difference between shorter and longer plasma treatments.
Based on the comparison between 60 and 120 s treatment times the mechanism also
appears to be self limiting for the treatment parameters used.
2. A desirable quality for a process in industry is for it to be robust. This means that
any deviation from ideal operating conditions will not negatively impact the level
of treatment too much. The results from the surface free energy experiment, where
several different treatment parameters were used, show that at least the surface free
energy remains consistently high over a wide range of treatment settings.
This, alongside the tensile testing data which showed that there are a wide number of
gas combinations that provided high bond strength and the XPS data which shows
similar surface chemistry for different treatment parameters, demonstrates that there
is a large operating envelope which can be used to achieve a significant increase in
bond strength.
3. Unusually there is a contradiction between this finding and the previous one. The
treatment appears to be robust in terms of gas type however there are large changes
in the composition of the plasma when even small amounts of dopant are included
into the feed gas. This has been shown by the molecular beam mass spectrometry and
optical emission spectroscopy. While there is not an obvious explanation currently
one may be evident as the optimisation of the process is progressed. Any changes in
the plasma chemistry may impact the rate at which any of the mechanisms occur
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at. This is an interesting aspect of the the work as it currently stands and opens
up many paths which could be investigated further when CAP is the focus of more
work.
4. Part of this work was to investigate the plasma parameters, presented in Chapter 5.
This resulted in the understanding that several parameters could be monitored and
logger during the treatment which would act as an additional layer of quality control
and assurance. This is could be of vital importance for industry and aid the uptake
of CAP as a viable pre-treatment for structural adhesive bonding.
5. A further benefit to industry and any users of the PlasmaTact is the knowledge
of the treated area, this has been probed using water break tests and XPS maps.
The reason for the latter to is determine what the threshold between treated and
un-treated is in terms of carbon concentration, this is so for subsequent spot analyses
a judgement can be made about the level of treatment. Furthermore, the nature of
the treatment profile, which appears to have a uniform centre surrounded by a large
increase over a short distance implies that a large overlap of treatment paths may
not be needed for larger area plasma treatments.
While this section of the work has not been investigated comprehensively as the only
orientation of the torch has been vertically downwards and perpendicular to the
surface. The initial findings are promising and there may be further optimisation
of the process induced by using the torch at an angle to the surface. Furthermore,
the surface in this work has been limited to flat sections, there may be some impact
on the treated area if the surface was curved, as would be expected in an industrial
application.
6. The life cycle analysis conducted in this work demonstrates several aspects of the
work. The first is the power of a life cycle analysis and possible presentation and
use of the data that they output. The others are that there is still some progress
required before CAP is truly equal in terms of environmental impact but the LCA
was performed on a very favourable set of parameters for the chemical process.
The additional use of the LCA to help guide the development of the plasma torch
could also be seen as a novel application for the methodology and can benefit the
manufactures of the equipment which, in turn, would increase the scope for the CAP
process.
7. During the plasma treatment conducted in this work the atmosphere has only
been controlled in terms of temperature and humidity based in the laboratory. Part
of the work that was conducted investigated the mixing of the atmosphere with
the plasma and, based on the SIMS data, it was found that there is a significant
amount of mixing and that the incorporated gas and humidity from the atmosphere
does affect the treated surface. This was noticed by the increase in nitrogen on the
surface. The nature of the nitrogen rings seen in the SIMS maps indicates that there
is more to the mixing process however as this would indicate that there are areas
of increased nitrogen concentration within the plasma. This is not an important
observation for most treatments as they require the torch to be tracked over the
surface, thereby covering the area fulling with the nitrogen rings. This does not stop
200
CHAPTER 10. CONCLUDING REMARKS
it being of interest for other applications and does warrant a further investigation
using computational fluid dynamics.
10.4 Further work
10.4.1 Treatment parameters
The combination of the torch speed, stand off distance, and gas flow rate allow for
almost infinite combinations. A short segment of work was completed using water
contact angle to determine the settings that would produce a noticeable change at
the surface. This was then used for all of the mechanical testing conducted in this
work.
Having analysed a large number of samples using several techniques, it was realised
that there is the possibility to modify these settings to either increase the treatment
rate or reduce the gas flow for a given rate. Now that the best plasma gas combinations
have been found, the number of experimental runs would be much more manageable
to refine the treatment parameters.
10.4.2 Gas selection
In this work there has been a large number of gas combinations tested. Throughout
this work, however, all of the analysis has been on a single gas combination at a
time, assuming that all of the plasmas are equal in terms of oxide growth, carbon
removal and functionalisation. This may not be the case. The oxide growth appears
to be more substantial when air is included in the plasma plume compared to pure
argon. This makes sense as there will be an increased oxygen content, even at the
low dopant concentrations.
Furthermore the carbon removal rate of different plasma gas combinations, or
different stand-of distances, may vary. This leads to a situation where a double pass
treatment may be preferential. The first pass would act to remove the hydrocarbon
contamination and the second would grow and functionalise the oxide layer. This
approach could work to reduce the overall treatment time of the CAP process
per unit area. This is based on the idea that there appears to be some different
characteristics in terms of the torch substrate potential, which means that there is a
likelihood of a higher population of electrons being present in the plasma for certain
combinations. These electrons may be more efficient at removing the hydrocarbon
contamination.
10.4.3 Control and monitoring system
As previously mentioned the control system developed in this work is a simple one
with with a limited scope. This could be expanded considerably to include monitoring
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and control of several different plasma parameters, to ensure that the treatment is
as consistent and as effective as possible.
10.4.4 Post testing analysis
The post test analysis performed in this thesis is a relatively small section of the
possibilities for the technique. The inclusion of the adhesive distribution across the
failure surface would be a logical addition as this may be able to indicate a locus of
failure.
Using MATLAB to develop the system enables the inclusion of other methods, such
as using 3D topography data to calculate the fractal dimension and surface area
generated upon the failure. This is not possible currently from the photograph data
input and would require additional time for the data acquisition stage which would
potentially reduce the number samples analysed.
As the images analysed are rectangular the lines the rows and columns could be
compared for each sample. This would result in the distribution of adhesive in the
x and y direction across a single failure surface, but can be used to calculate the
cohesive failure for each row and column. This could then be used to assess the
suitability of the samples for the test. For example, The majority of the free ends of
the samples experience interfacial failure would imply that the samples are twisting
in the jaws of the tensile testing equipment causing a large peel force to be exerted
at the free end.
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MATLAB code
Below is the MATLAB code used for determining the area of adhesive and fractal
dimension of the failure surfaces.
%%Header and set up
img_dir = 'C:\Users\david\Desktop\MATLAB_test\
MATLAB_test_08\';
crop_question = 0;
crop_question = questdlg('Have the images been cropped
perviously?','Already cropped?');
results = struct('Filename ',{},'Metal_pixels_GT_mtehod '
,{},'Metal_pixels_LC_mtehod ',{},'Adhesive_pixels_GT '
,{},'Adhesive_pixels_LC ',{},'Fract_dim ',{}, 'Error '
,{}, 'Bond_area ' ,{})
if strcmp(crop_question ,'No') == 1;
srcFiles = dir(strcat(img_dir ,'*.jpg')); % the folder
in which the images exists
i=1;
filename = strcat(img_dir ,srcFiles(i).name);
I = imread(filename);
mkdir(img_dir ,'cropped ')
%%
%setting up the cropped area manually - 3 randomly
selected images are
%cropped by user with the coords recorder in crop_coords
for averaging
%later. This does not save the cropped images
crop_coords=zeros (4,3);
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for i=1:3
filename = strcat(img_dir ,srcFiles(randi ([1 size(srcFiles
,1)])).name);
I = imread(filename);
[pathstr ,name ,ext] = fileparts(filename);
[I2 , crop_coords (:,i)] = imcrop(I);
i;
end
%%
%applying the averaged cropping coords to the images in
the folder and
%saves a copy of the cropped image in a folder called
cropped
avg_crop_coords=mean(crop_coords .')
for i = 1:( size(srcFiles ,1));
filename = strcat(img_dir ,srcFiles(i).name);
I = imread(filename);
[pathstr ,name ,ext] = fileparts(filename);
[I2] = imcrop(I,avg_crop_coords);
name = strcat(name ,'_cropped.jpg')
imwrite(I2,strcat(img_dir ,'/cropped/',name))
end
end
%By this stage there is a folder with all of the cropped
images in it. The
%next phase is to analyse the images and obtain the
different sets of data.
crop_dir = strcat(img_dir ,'cropped\')
cropFiles = dir(strcat(crop_dir ,'*_cropped.jpg'));
for i = 1:size(cropFiles ,1);
tic;
filename = strcat(crop_dir ,cropFiles(i).name);
I = (imread(filename));
hsvI = rgb2hsv(I);
[pathstr ,name ,ext] = fileparts(filename);
[I2] = bwareaopen(imbinarize(rgb2gray(I),graythresh(hsvI
(:,:,3))) ,50);
I3 = imbinarize(rgb2gray(localcontrast(I,0.4 ,0.5)));
name = strcat(name ,'_binary.jpg');
imwrite(I2,strcat(crop_dir ,name));
filename = strcat(crop_dir ,cropFiles(i).name);
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[pathstr ,name ,ext] = fileparts(filename);
results(i).Filename = name;
results(i).Metal_pixels_GT_mtehod = sum(sum((I2)));
results(i).Metal_pixels_LC_mtehod = sum(sum((I3)));
[o r] = boxcount(imcomplement(I2));
s=mean(-gradient(log(o))./ gradient(log(r)));
results(i).Fract_dim = s;
results(i).Adhesive_pixels_GT = size(I2 ,1)*size(I2 ,2) -
sum(sum((I2))),
results(i).Adhesive_pixels_LC = size(I3 ,1)*size(I3 ,2) -
sum(sum((I3))),
toc
end
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Figure B.1: SEM images for failure investigation. These samples were graded by
experts at EURADH 2016 and then analysed using an automated system from these
images. Left hand column is the raw data, right column is the binary images
generated in MATLAB. Rows 1 and 2 - sample 1, rows 3 and 4 - sample 2
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Figure B.2: SEM images for failure investigation. These samples were graded by
experts at EURADH 2016 and then analysed using an automated system from these
images. Left hand column is the raw data, right column is the binary images
generated in MATLAB. Rows 1 and 2 - sample 3, rows 3 and 4 - sample 4
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Figure B.3: SEM images for failure investigation. These samples were graded by
experts at EURADH 2016 and then analysed using an automated system from these
images. Left hand column is the raw data, right column is the binary images
generated in MATLAB. Rows 1 and 2 - sample 5, rows 3 and 4 - sample 6
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Figure B.4: SEM images for failure investigation. These samples were graded by
experts at EURADH 2016 and then analysed using an automated system from these
images. Left hand column is the raw data, right column is the binary images
generated in MATLAB. Rows 1 and 2 - sample 7, rows 3 and 4 - sample 8
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Figure B.5: SEM images for failure investigation. These samples were graded by
experts at EURADH 2016 and then analysed using an automated system from these
images. Left hand column is the raw data, right column is the binary images
generated in MATLAB. Rows 1 and 2 - sample 9, rows 3 and 4 - sample 10
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